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PREFACE 


One of the important problems of present day electrical engi- 
neering is the production of low cost materials possessing fixed electrical 
and optical characteristics to be used in modem solid state devices. Elec- 
trical properties of polymeric matrices can be greatly influenced by impu- 
rities present in them. Doping of polymers with suitable additives can be 
utilised to produce, such materials. With this view, polystyrene was doped 
with pyrene and the elctrical and optical properties of doped films were 
investigated. 

The thesis has been divided in seven different chapters. 

Chapter- 1 "Introduction'* surveys briefly the concerned literature and in- 
troduces the problem. Chapter-2 "Experimental details" describes film 
preparation, thickness measurement, doping procedure, electrode assem- 
bly and measuring instruments. Chapter-3 "Electrical conduction" reports 
transient behaviour of current and steady state current- voltage character- 
istics as a function of electrode material, film thickness and pyrene concen- 
tration. It also reports temperature depence of current at fixed voltage. 
Chapter-4 "Dielectric properties" investigates frequency and temperature 
dependence of capacitance and dielectric loss by varying the temperature, 
frequency and pyrene concentration. Chapter-5 "Photodepolarization cur- 
rent" describes current decay mode by varying the polarizing time, po- 
larizing voltage, electrode material and pyrene concentration. Chapter-6 
"Thermally stimulated discharge current" investigates TSC spectra by vary- 



ing polarizing temperature, polarizing voltage, pyrene concentration and 
electrode material. Chapter-7 "Correlation of different studies" correlates 
the results of various studies. Summary and references are given at the end. 
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INTRODUCTION 

Dielectric or electrical insulating materials are understood as 
the materials in which electrostatic fields can persist for along time. These 
materials offer a very high resistance to the passage of electric current 
under the action of the applied direct- current voltage and therefore sharply 
differ in their basic electrical properties from conductive materials. 

Some decades ago there was no problem whatever in selecting 
electrical insulating materials for any electric device. In recent years the 
conditions in which electrical insulating materials have to operate in 
electrical and radio-electronic devices have become much more severe (1). 
At the same time higher demands are imposed on the operating reliability 
of electrical engineering devices and radio-electronic apparatus, which is 
determined in a great measure by the quality of electrical insulation. 

In order to get a clear insight into the requirments imposed on 
the dielectric materials, it is necessary first of all to study the physical 
phenomena which occur in dielectrics placed in an electromagnetic field 
and the parameters of dielectrics which quantitatively determine their 
electrical properties. 

I.l DEFINITION OF ELECTRET 


r 


An electret is a piece of dielectric material exhibiting a quasi- 
permanent electrical charge. The term 'quasi-permanenf means that the 
time constants characteristic for the decay of charge are much longer than 
the time periods over which studies are performed with the electret. 
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A magnet produces a static magnetic field while an electret produces a 
static electric field. 

1. 2 INVENTION OF ELECTRET 

Oliver Heaviside was the first to speculate about the existence of 
such a counterpart to the magnet. It was he who first used the term 'electret'. 
Around 1890 he wrote: 'The study of electrization is in some respects more 
important than of magnetization'. On account of its greater generality it is 
more instructive (2). Thirty years later the Japanese physicist M. Eguchi 
(3,4) succeeded in producing bodies with electrical properties analogous 
to the magnetic properties of permanent magnets. Eguchi, who was 
unaware of Heaviside's work reinvented the term electret. His truly 
remarkable work at first received scant attention. In 1935, more than a 
decade later, A Gemant (5,6) repeated, confirmed and extended Eguchi's 
results. But the strange beheaviour of electrets revealed by the early 
expriments, reinforced by Gemant' s view that for theoretical reasons they 
should not exist (6), did much to shround the electret effect in mystery. It 
took much fundamental research to establish the basic facts and to show 
that the electret effect, far from being an anomaly, is a general property of 
solid dielectrics, varying in degree rather than in nature. 

1.3 ANALOGY AND DJEFFERENCE BETWEEN MAGNET AND 
ELECTRET :- 

A magnetic material contains only magnetic dipoles, never 
magnetic monopoles. A dielectric material may contain both electric 
dipoles and electric monopoles, that is single positive and negative 
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Fig 1. 1 Atomic Polarization 


Fig 1.2 Dipole Polarization 


Fig 1.3 Interfacial or Barrier Polarization 


Fig 1.4 Space Polarization 


Fig 1.5 External Polarization 
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charge carriers. This fundamental difference explains why a dielectric 
can be polarized in more ways than a magnetic material. 

1.4 TYPES OF DIELECTRIC POLARIZATION 

Figures 1.1 to 1.5 illustrate various types of polarization. They 
show that only dipole and interfacial polarization (7,8) are true volume 
effects in the sence that the polarization of any section of the electret is the 
same as that of the electret as a whole. Besides a polarization can also be 
caused by the deposition or injection of charge carriers from outside. This 
is external- polarization. The distinction between 'internal' and 'external' 
polarization is due to Mikola (9). Charges can also be shot in to the 
dielectric using penetrating electron beam (10, 11). Such electron- charged 
dielectrics now are also called electrets, a rather loose use of the term. 

15 HETERO AND HOMO CHARGES OF ELECTRET : - 

Electret exhibits hetero and homo charges coined by Gemant 
(12). A charge on the electret of same sign as the polarity of the 
adjacent electrode is called as a homo charge while that of sign opposite 
to the polarity of the forming electrode, a hetrocharge. Figures 1.6 and 1.7 
illustrate them. 

1.6 TYPES OF ELECTRETS 

Electrets are subdivided according to the physical agencies which 
produce polarization in a dielectric. Thermo electrets (12-15) are prepared 
by simultaneous application of heat and electric field. Photo electrets (16, 18) 
are formed by irradiating a dielectric material by light and ultraviolet 
light in presence of an electric field. When fast electrons are used to polar- 
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ise the sample the electret thus formed is called cathodoelectret (19). Ra- 
dio electret (20) are fabricated with the help of penetrating radiation like 
X-rays and gamma rays. Due to application of an electric field alone, 
what is prepared, is called electro electret (21). Bhatnagar (22) of India 
has reported magneto electrets which are fabricated by magnetic field in 
place of usual electric field. Mechano electrets (23) are prepared by a 
mechanical effect i.e. deformation or friction of dielectric. Pseudo electrets 
(23) are obtained by gamma rays without the application of voltage. 

1.7 APPLICATIONS :- 

Permanent electrification effect in dielectrics have been utilised 
in a wide variety of applications . These reach from technical areas to the 
biological and medical fields and are in various states of research devel- 
opment or production. 

Electret microphones are electrostatic transducers with a 
permanently charged solid dielectric. Figure 1.8 shows an electret 
microphone and Fig 1.9 shows the block diagram of circuit used in an 
electret microphone. 

Particularly polymer electrets (24) are used in microphones. 
Another application of charge- storage phenomena of great practical 
importance is in the field of electrophotography. The basic process used in 
many electrophotographic methods, namely the production of charge 
pattern on an appropriate carrier and its development with powders, was 
already studied in the early 1930s. Photo conductive image formation 
(25) led to the development of Xerography. More recently introduced electret 
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devices include gas filters, motors and relay switches. Gas filters use 
corona- charged electret fibres to capture submicron particles by electro- 
static attraction (26). Experimental electret motors employ stators or ro- 
tors of charged dielectric (27). The relay type switches utilize the external 
field of electrets to open or close contacts (28). In radiation dosimeters, 
generation of radiation induced conductivity is employed to measure ra- 
diation doses (29). 

Another group of applications, namely those relating to biophys- 
ics, promise to have great future potential. Of interest in this context are 
attempts to improve the blood compatibility of polymers by negative charge 

deposition (SO) and the observation of electret properties of human and 
other bones and blood-vessel walls (31). It was also shown that foil electrets 
placed in contact with bones of animals in vivo cause accelerated growth 
of callus, necessary for fracture healing (32). Moreover electret bandages 
put on skin incisions considerably improve the tensile strength of the wound 
over a given period of time and thus speed of healing process (33). 

1.8 THEORIES OF THERMO ELECTRET 

Various theories have been put forward to explain the formation 
and behaviour of electrets. Since the thermoelectrets were discovered 
earlier, more literature is available on them as compared to others. All the 
theories were framed to explain three important facts concerning the thermo 
electret. 

I The mechanism of electret formation which gives rise to persistent inter- 
nal polarization. 


2. Longer life time of electrets. 

3. Phenomena of charge reversal. 
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The important contributions are due to Adams (34), Gemant 
(35), Thiessen, Winkel and Herrman (36), Swann (37), Baldus (38), 
Gerson and Rohrbaugh (39), Wiseman and Feaster (40), Handerk and 
Piech (41). Perlman andMeunier (42) explained quantitatively the charge 
decay of unshielded dielectric of finite resistivity and concluded that 
the internal field is the main decay agent governing both polarization 
growth and real surface charge decay of net surface charge. There is no 
local charge within the volume of the material. The real surface charge 
decays only by ohmic conduction through the volume of the specimen. 

Gross (43) proposed that the heterocharge is formed by all the 
processes of charge absorption in a dielectric and the homocharge is due 
to the break down of the dielectric electrode interface. The gradual decay 
of internal polarization with the retaintion of surface charge received by 
the thermo electret from the electrode, is responsible for conversion of 
heterocharge into homocharge. His investigation showed that the surface 
charge of the themoelectret is in general equal to the difference between 
the intrinsic heterocharge and intrinsic homocharge. The charge reversal 
from hetero to homo is due to a more rapid decay of intrinsic hetero charge 
compared with the decay of the intrinsic homocharge. At low temperature 



when the intrinsic homocharge varies slowly with time, the conversion of 
charge may not be observed. 

Recently Gross (44) described the polarization picture of an 
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electret after studying the volume distribution of charge by a modified 
sectioning technique. He suggested that the central bulk portion of the 
substance is separated from the surface near the electrode by a thin layer 
of a different dielectric constant. The heterocharge which resides in the 
central section is associated with a persistent volume polarization and 
space charge polarization. The homocharge is produced due to surface 
conduction or breakdown of dielectric electrode interface. If the contact is 
blocking homochargee will decay by conduction through bulk of the di- 
electric and if the contact is good, the homo charge will flow by conduc- 
tion through dielectric electrode interface. 

1.9 THEORIES OF PHOTO ELECTRET 

Phenomenological theories of photo electret have been proposed 
by Kallman and co-workers (45-49) , Fridkin and Zheludev (50-52), 
Chetkarov (53) andAdirovich (54). The conclusions of these theories agree 
qualitatively with some of the experimental results, although the approach 
towards the mechanism of polarization is different. Tartakovskii Rekhalova 
(55) and Kalabukhov and Fishelev (56) proposed that illumination 
produces transitions of electrons from the valence band to conduction band, 
where they move under the influence of applied electric field. The electrons 
then leave the conduction band and are trapped at localized levels lying 
below the bottom of the conduction band. Freeman, Kallmann and Silver 
(45) suggested that an electric polarization is due to an inhomogenous 



charge distribution brought about by an external field acting on free charge 
carriers. Internal polarization effects are described in terms of the forzen 
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in' charge distributions. The build- up of polarization occurs during 
external field application while the photo conductivity is in a state of exci- 
tation. This s operation persists after excitation and field removal because 
of trapping processes. For these frozen-in charge distribution, static mod- 
els have been developed. Experiments (49) show that two fundamentally 
dijferent internal charge distributions can develop barrier and bulk po- 
larization. Barrier polarization is produced when surface resistive layers 
interact strongly with charge transport through the smaple. The free posi- 
tive and negative charge carriers accumulate near the electrodes because 
of high resistive layers at the photoconductor- electrode interfaces. If these 
two resistive layers are of the same ma^itude, the barrier polarization 
leaves the sample electrically neutral. Furthermore, it is not necessary that 
the sample be uniformly excited during polarization. In bulk polarization, 
the more mobile carriers are atleast partially removed from the sample 
with the less mobile carriers remaining in a fairly uniform distribution 
over the bulk of the sample. According to Fridkin et al (51), the photo 
polarization state produced by the application of field and light, is based 
on the scheme of electronic energy levels and the investigation of space 
charge in photo- conduction provide a basis for understanding photo 
electret mechanism. 

It may, however, be pointed out that a theory which successfully 
explains the behaviour of thermo-electrets, might prove quite inadequate 


to explain that of others. Although a number of theories have been 
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suggested by various workers, yet none of them is completely satisfactory. 

Thus electret state of materials provides a wide and rewarding area of 
research. 

1.10 MATERIAL AND THE FORM OF SAMPLES 

Organic insulating materials (57-101) have been the subject of 
considerable interest due to their wide applications in a number of 
devices. In recent years the studies of these materials in the film form 
(102-105) have attracted the attention of investigators due to their 
application in micro electronics and as electrets in a number of electrical 
devices. Due to their small size, thin specimens are preferred to the crystals 
of bulk material. Thin samples have still wide range of application as 
compared to bulk organic crystals. 

Several techniques are available to form the films of organic 
materials (102-112). Among them are thermal evaporation (112), sputter- 
ing techniques (114) or chemical deposition methods (115). The films 
formed by thermal evaporation result in degradation of materials. Such 
films also suffer from the presence of pin holes and voids. The problem of 
pinholes can be controlled in films prepared by sputtering or chemical 
can be overcome in case of polymeric organic materials 

(116-117). I 

■ ■ 

Polystyrene (PS) dopedwith pyrene has been chosenfor the present 
investigation. | 


PS is an amorphous polymer. Its supermolecular organization is 
explained in terms of cluster structure. By cluster Ubbelode (118) means 
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the regions (domains)) that have a denser packing of molecules (or their 
parts) and a more ordered arrangement of them in comparison with the 
main looser and unordered mass of a substance. It is natural that the 
density of a cluster should be some what greater than the average density 
of a substance. At the same time clusters are less ordered and less densely 
packed domains than crystallites. Clusters exist that in definite conditions 
are capable of having a more ordered arrangement of their molecules, 
i.e., they are capable of crystallization. On the other hand, the existence 
of clusters that in principle do not crystallize is also possible. Since regu- 
lar packing of the particles in three dimensions in this caselis absent, then 
when cooled from melt, anti- crystalline clusters can not continue to grow 
unlimited by without the appearance of voids or dislocations. If the model 
proposed by Ubbelode (118) is applied to polymers, it can be assumed 
that in addition to crystalline regions, a polymer may also have crystalliz- 
ing and non crystallizing clusters. In this connection a polymer may be 
considered as a complex of separate domains forming different parts (by 
volume) of the total volume of a polymer and organized in different 
ways. From that stand point, PS can be considered as a complex of differ- 
ent kinds of non crystallizing clusters among less ordered and looser 
regions. 

The glass transition temperature is the most important charac- 
teristic temperature of amorphous polymers. The concept of the glass tran- 
sition temperature of polymers was introduced by Ueberreiter (119-120). 
There are different definitions of this temperature, two of which are in the 
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greatest favour and are the most correct. By the glass transition tempera- 
ture Tg is meant the temperature at which the viscosity of polymer is 10^^ 
poise (121 ). On the other hand, it is interpreted as the temperature below 
which segmental motion of the polymer molecules is frozen. There are 
many experimental methods for determining Tg (121-123). The most 
dependable one is its determination according to the temperature 
dependence of the specific volume on condition that the sample under 
study is subjected to thermostatic control for a sufficient time at each 
temperature point at which measurement are made. Acoustic methods are 
successfully used for determining Tg (124-126). It is the most correct to 
determine the Tg according to the change in the temperature co-efficient 
of velocity of sound, in the glassy state with an unchanging nature of the 
molecular mobility, the velocity of sound depends linearly on the tem- 
perature. Above Tg, when unfreezing of segmental mobility of the 
micro - Brownian type begins, the temperature co-efficient of the velocity 

of sound sharply changes. For PS, the velocity of sound changes most 
greatly at j05°C (127) According to the data of dilatometric measure- 
ments, the Tg is also equal to 105^0 (127). Wada and his collaborators, 
(128), using the temperature dependance of the specific volume, found 
temperature transition at lOS^C in PS. This shows that the Tg of PS is 

1050c. 

1. 11 DOPANT MATERIAL > 


One way of modifying polymers used to improve their properties 
is addition of impurities. Plasticizers are introduced in to the polymers to 
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decrease the effectiveness of intermolecular (interchain)) interaction (129). 
The microscopic effect of plasticizing usually manifests itself in a 


reduction of Tg. Both low and high molecular substances are used as 
plasticizers. The plasticizing action depends on the chemical structure, 
size and shape of the plasticizer molecules (120). Gibbs and Marzio (121) 
showed that the effectiveness of the plasticizer depends, to a considerable 
extent, on the conformation set of its molecules. Plasticizers whose mol- 
ecules can take on a greater number of conformations lower the Tg of 
polymer to a great extent. 

Certain applications of polymers in solid state devices have 
necessitated increasing of their electrical conductivity. Several workers have 
reported increase in conductivity of polymers due to doping of them with 
several impurities. Polybutadine has been doped with chloranil and an 
increase in conductivity and carrier mobility has been observed (122). 
Low and high density polyethylenes have been doped with halogens and 
the largest increase in conductivity has been observed due to incorpora- 
tion of iodine (122). Recently PS has been doped with acrylic acid (124), 
chloranil (125), copperthalocyanine (126), iodine (127), pyrene (128), 
ferrocene and anthracene (129) and a marked increase in conductivity of 
the polymer has been observed. These results show that the conductivity of 
polymers can be greatly affected by doping them with suitable impurities. 
Both inorganic and organic (140,141) impurities can be used to modify 
the electrical conductivity of polymers. Inorganic impurities have more 
profound effects than organic impurities. Halogens are known to form 
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polymer halogen complexes (142) with rigid matrices. Iodine is an strong 
electron acceptor type impurity and can affect greatly the conductivity of 
polymers. For the present work, pyrene has been chosen as the material to 
be incorporated in PS. 

1.12 METHODS OF INVESTIGATION 

The knowledge of electrical conduction is essential in order to 
understand the electret forming characteristics of the material. The bulk 
properties of the electret are investigated most directly by the sectioning 
technique (142). But planning the sujface of a polarized dielectric is a 
drastic operation. It generates new surface charges by triboelectric and 
breakdown effects which falsify the results of surface charge measurements 
made with the dissectible capacitor. Preferable is the measurement of ther- 
mally stimulated current (143-147). Photo electret state in the material can 
be investigated by measuring photo depolarization current (148-152). There 
is a definite co-relation between electrical conductivity and the dielectric 
properties of material (153-158). Therefore, the work reports on electrical 
conduction, thermally stimulated current, photo depolarization current and 
dielectric properties of pyrene doped PS films. 


^ ^ i 
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EXPERIMENTAL DETAILS 

2.1 FILM PREPARATION TECHNIQUES 

Materials can be casted into films by thermal evaporation (159), 
sputtering (160), and chemical deposition methods (161). In thermal 
evaporation, solid materials vaporize when heated to sufficiently high 
temperature. The condensation of vapour on to a cooler substrate yields 
films. Evaporation can be carried out by a flash, arc and laser or by 
resistive, exploding wire, RF and electron bombardment heating. The 
ejection of atoms from the surface of the material by bombardment with 
energetic particles is called sputtering. If ejection is due to positive ion 
bombardment, it is referred to as cathodic sputtering. The sputtered atoms 
can be condensed on a substrate to form a film. Because of the high pres- 
sure of the gas used and high sensitivity to contamination is commonly 
used glow discharge sputtering, the technique has generally been termed 
dirty. Sputtering can be achieved by low pressure, RF, ion beam and 
reactive sputtering. Electro and electroless deposition and anodic 
oxidation are chemical methods to deposit films. In chemical vapour 
deposition technique, a volatile compound of the substance which is to be 
deposited, is vaporized. The vapour in thermally decomposed or reacted 
with other gases, vapours of liquids at the substrate to yield non vola- 
tile reaction products which deposit atomistically on the substrate. 
Technology of film preparation has been reviewed by chopra (162). 

The irradiation technique for the preparation of polymer films is 
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a high energy technique. Similarly RF sputtering of polymers is also a 
high energy process. In these high energy processes the cross linking of the 
polymer chains is highly probable. The films so formed show high 
dielectric losses and degradation with time. These films are, therefore, not 
suitable for practical applications. Films of polyvinylchloride acetate 
co-polymer (163) have been prepared by spreading cyclohexanone 
solution of the polymer over a water surface. Spivack (164) has prepared 
parylene (the generic name of a family of polymers based on poly-p-xylene) 
films by using the vapour phase deposition process which has been de- 
scribed by Gorham (1 65). The films thus formed have excellent mechani- 
cal, physical, electrical and barrier properties. They are virtually inert 
to most acids and bases and are insoluble in most organic solvents below 
170^^C. The isothermal immersion technique (166,167) on the other hand, 
apperas to be simple and powerful technique for obtaining durable and 
useful polymer films. Isothermal immersion technique has been used by 
several workers (168, 169) to prepare polymer films. In this method, the 
growth of the molecular chains on the substrate is predominantly lateral 
The molecular chains or the clusters of the chains observed on the 
substrate attain a definite equilibrium size. These clusters do not signifi- 
cantly increase in size as the equilibrium thickness of the film increases or 
their number increases. The clusters tend to deform in one particular di- 
rection and the extent of deformation increases as the equilibrium film 
thickness increases. The clusters of the molecular chains have a preferred 
direction of orientation. Films of higher equilibrium thickness have more 
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1. Motor, 2. Substrate Holder Assembly Support, 3. Oil Bath Cover, 4. Thermometer 
5. Stirrer, 6. Heating Coil, 7. Polymer Solution Vessel Support, 8. Solution Container, 
9. Substrate Holder, 10. Substrate 


Fig 2. 1 ISOTHERMAL IMMERSION APPARATUS 
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of amorphous areas surrounding the crystalline area. 

It is clear from' what has been stated above that the growth of 
the films from solution occurs by absorption controlled nucleation of 
molecular chanis on the substrate and the further growth occurs by the 
attachment of more chains on the already adsorbed chains forming a 
cluster of chains. The adsorbed chains and subsequently the clusters of 
chains adjust them selves laterally on the substrate. 

2-2 FILM PREPARATION 

Commercial grade PS was used in the work. PS was dissolved 
in cyclohexanone. Pyrene was also dissolved in cyclohexanone. Pyrene 
solution was mixed in PS solution to have dopant concentrations 0.1, 0.5, 
0.8, 1,2,3 and 5gF. This method of doping in which pyrene solution is 
mixed in PS solution is termed common solvent method. Al foils were 
cleaned by rubbing them with cotton and then by keeping them immersed 

in benzene. The cleaned foils were stored in pure alcohol. Isothermal 
solution immersion growth technique of preparing the films involves 
isothermal immersion of the substrate in to the polymer solution held at a 
particular temperature for a certain time. The apparatus used to prepare 
the films is shown diagrammatically in Fig- 2.1. 

Polymer solution was immersed in the oil bath. The temperature 
of the oil bath was kept constant at 3 O^C. The substrate was held in the 


constant temperature bath. After bringing the solution and the substrate 
at 30^^C, the substrate was immersed in the solution for 10 minutes. The 
films were dried by keeping them within the thermostat at 30^ C more than 
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3 days. 

2.3 EVALUATION OF FILM THICKNESS 
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The thickness of the film was extrapolated by measuring its ca- 
pacitance at lOKHz and taking the permittivity (z) value equal to 3. 

2.4 VARIATION OF ELECTRODE FORMING MATERIAL 

Films were grown on Al substrates. To study the electrode effect, 
films were also grown on Zn, Ni and Cu substrates. The substrate acted 
as an electrode and the other of Al Icm^ in area was pressed on to the film. 
IS ELECTRODE ASSEMBLY 

A pressed on electrode assembly was used in the investigation. It 
is diagrammatically shown in Fig 2.2. The film alongwith the substrate 
was kept on the bottom teflon sheet so that the substrate contacted with 
the teflon. An Al electrode of 1 cm^ in area surrounded with the guardring 
to aviod the surface effects was pressed on the film with the help of the 
flyscrew. The contact of the flyscrew with the electrode was insulated with 
a teflon disk. The substrate acted as another electrode., 

2.6 ASSEMBLY FOR PHOTO EXPERIMENT 

Assembly used in photo-polarization and depolarization experi- 
ment is schematically shown in fig-2.3 . UV light of wavelength 1518 A'^ 
from a 15 watt lamp was incident on the film through a semi-transparent 
silver electrode. The substrate acted as the other electrode. 

2. 7 ROLE OF AIR IN THE PRESENT EXPERIMENTAL SETUP: - 

For fundamental studies vacuum deposited electrodes are 
preferable. However, in the present investigation pressed on electrodes 



have been used. In case of pressed on electrodes the contact between the 
electrodes and the polymer is imperfect and there are air spaces between 
them, in which at high field strengths townsend breakdown will occur, so 
that ions or electrons from the air are injected into the polymer. The homo- 
charging by breakdown of the air is deliberately intensified in the 
manufacture of electrets (170). This development is logical, because the 
deposition of homo charges from the air is a much faster process than the 
hetero charging by dipole orientation and space charge motion with in the 
polymer. 

2.8 ELECTROMETER 

The "Elelctronics Corporation of India Limited" Varactor Bridge 
electrometer type EA 815 is high performance electrometer amplifier 
specially designed to measure very small direct currents, low DC potentials 
from high impedance sources, small charges and high resistances. 

The extremely rapid response combined with its good stability 
and low drift characteristics, makes it a useful instrument in nuclear 
research, electrochemical and bioelectric measurements, spectrographic 
and electrophoretic studies, in measurement of grid currents of 
electrometer tubes and the contact potentials. 




a) Specifications 

Voltage Ranges 


Input Impedance 
(Voltage measurement) 



10 mV, 30 mV, 100 mV, 300 mV, IV 
3V & lOVofboth polarities. 

10^^ ohms in the 'open’ position of 
the input resistance switch. 
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Currrent Ranges : 10'^ to 10^'* A. RS.D. Both polarities 

in 28 overlapping ranges. 

Input Resistances : 10^, 10^, 10^° and 10^^ ohms 

selectable by a front panel Input 
Resistance selector switch. 

Input Sensitivity : 10'^^ A per division for current measure 

ments. 

0.1 mV per division for voltage measurement. 
Accuracy of current : 3% in 10^, 10^ & 10^^^ ohms ranges 5% 

Measurement in 10^^ ohms ranges. 

Accuracy of Voltage : Built- in meter : 1%± 0.1 mV on all ranges. 

Measurements. 

(at a Constant A.C Voltage) 


Input Time Constant : 15 Seconds in 10^^ ohms range. 10 sec 

onds in 10^° ohms ranges reduces to 
insignificant time in other ranges. 

Zero Stability : 0.3 mV/ 12 hrs. 



Short Term Fluctuations: 0.1 mV r.ms. 

Effect of ± 10% Mains : 0 ±0.5 mV 

(Voltage Variation). 

Input Power : 210-250 V, A.C. 50 Hz. 

b) Brief Circuit Description 

The EA 815, Electrometer Amplifier is intended for the 
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measurement of DC potentials across high source resistances, very small 

direct currents, high resistances and very small charges. All the above 
measurements being carried out in terms of potentials. 

The ranges covered by the instrument are 0 -10 mV through to 
0-1 OV of either polarity. The input resistance being greater than 10^^ 
ohms and the zero drift of less than 0.3mV in 12 hours. The input 
terminal is specially selected for its high insulation characteristics. 

The circuit comparises mainly of two parts, the Power Supply 
and the Varactor Bridge Electrometer. 

1. The power supply provides +15 and -15V regulated for the 
operation of the circuitry. Diodes D1 and D4 constitute a rectifier bridge 
across the 16-0- 16V winding of the mains transformer with the centre 
tap as the reference. Capacitors C5 and C6 provide the filtering for the 
two lines. The two supplies are regulated using series type regulating 
circuits comprised of the series transistors Q1 and Q4, error amplifiers Q2 
and Q3 and reference voltage zeners D5 and D6 respectively. 

2. The Varactor Bridge Electrometer is an extremely low input bias 
current and high input impedance operational amplifier capable of high 
quality performance. In principle, the Varactor Bridge Amplifier design is 
similar to that of the vibrating read electrometer but with the inherent 


advantages of the solid state circuitry. It uses a hybrid integrated 
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c) Operational controls 


Input 


Input Resistance 


Mains 


Zero Adjustment 


Range 


Polarity 



Current-Voltage 


Highly insulated teflon input connector receives 
input to be measured. 

Rotary switch selects input resistances as indi 
cated the panel i.e. 10^, I(P, 10^^ and I0^\ In 
'OPEN' positions, terminals will be available at 
the switch for connecting a capacitor of known 
value from the external circuit for charge 
measurements. 


Switches ON the mains supply to the instrument 
when pressed. Glow of the pilot lamp indicates 
the 


presence of supply. 

10 turn helical potentiometer to set the electrical 
'Zero' of the meter. 

Rotary switch selects voltage ranges from lOVto 
10 mV as indicated on the panel. 

Selects input polarity (+ Ve or - Ve) and 
disconnects the meter from the circuit in OFF 


position. 

Sets the unit for either current or voltage 


measurements. 


Fuse 


100 m A 
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d). How to operate the unit- 

Before switching ON the instrument make sure that the panel 
controls are as follows. 

i. Current Voltage : in Current Position 

a. Range : in lOV position. 


Hi. Polarity : in 'OFF' position 

iv. Zero adjustment : in mid position of the 10 turn helipot. 

V. Input socket closed with the metal dustcap provided. 

vi. Input resistance in 10^ position. 

e). Switching ON the unit - 

i. Connect the instrument to the mains supply. 

a. Set the input resistance switch to 10^ ohms position and depress the 
mains switch. Presence of supply will be indicated by the glow of 
the pilotlamp. 

Hi. After a warm up time of about a minute set the polarity switch to the 
required polarity. Now the meter will indicate Zero. If that is not the 
case the instrument has to be suspected for some fault, 
iv. If zero is obtained at lOV position then turn the range switch to the 
most sensitive range step by step and adjust the electrical zero of the 
instrument by turning the zero adjust potentiometer. This zero adjust 
potentiometer will be seen to have effective control only in the lower 
voltage ranges. 

Adjustment of zero on the meter in the most sensitive range will hold 
good for any other range for a particular input resistance selected. 
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Since there may be slight variation in the contact potentials for differ 
ent input resistances selected, a slight re-adjustment of the zero 
setting may be necessary in each case. 

Hence to obtain accurate measurements within the capability 
of the instruments, it is essential to check and adjust meter zero prior 
to measurement every time the input resistor is changed. It is also 
essential to keep the range switch in lOV position before changing 
the input resistance switch setting. 

vi. It is essential to allow for one hour warm up time for getting the best 
results while measuring very low currents charges and voltages. 

vii. Now the instrument is ready for use. 

J). Current measurement - 

Current of the order of 10'^ A to 10'^^ A can be measured by 
measuring the potential across the known resistance connected in the in- 
strument. 

i. Select the appropriate range by means of the range switch and the 
input resistance switch. 

a. Remove the dust cap and connect the current source by means of the 
antimicro phonic high impedance cable to the input socket, 
in. Select the desired polarity by means of the polarity switch and 
adjust the zero by means of the zero adjustment potentiometer. 


iv. Apply the current and note the meter reading in millivolts or volts. 


Since the meter dial is calibrated in terms of voltage and input 
resistances known by the switch setting, the current being 
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measured can easily be calculated from those two indications. 

Temperature was measured with a precalibrated copper- 
constantan thermo couple. The thermoelectric e.m.f. generated was noted 
with a d.c. micro-voltmeter. 

Capacitances and losses were measured with a LCR 
systronics bridge incorporating an audiofrequency oscillator (from 
Toshniwal). 

Dry cells of 1.5 V and dry batteries of 9V were used to apply the 
desired voltage to the film. 

2.9 ELECTRICAL CONDUCTIVITY MEASUREMENT 

Electrical conductivity of dielectrics is generally investigated 
, either by heating the sample over a temperature range at a constant rate 

and keeping the applied voltage constant or by applying a voltage over a 
range keeping the temperature constant. Both the procedures have been 
adopted in the present investigation on electrical conduction. 

Current voltage characteristics at different temperatures were 
traced by applying a voltage in the range 1.5 -90 V. When the film equili- 
brated at a particular temperature, a voltage was applied. The current 
was found to decrease first rapidly and then slowly to reach the steady 
value. The voltage was varied in steps of 1.5 V upto 9V and then in steps 
of9Vupto90V. 

Current temperature curves of various films were obtained by 
heating the sample at a rate of PC min'‘. A voltage of 90V was applied to 
the film: The currents were noted at regular intervals of temperature. 
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2.10 THERMALLY STIMULATED DISCHARGE CURRENT 
MEASUREMENT 

When the film equalibrated at a desired temperature, an 
electric field was applied for 30 minutes and was cooled with the field still 
applied to about 20°C. The thermoelectret, thus formed, was short circuited 
for 2 minutes to minimize the stray surface charges. The electrets were 
heated at a linear heating rate of 2°C min'^ to observe the thermally 
stimulated discharge current (TSDC). 

2. 11 PHOTO DEPOLARISATION CURRENT MEASUREMENT > 

Photoelectrets were fabricated by applying an electric field for 
desired time in the presence of UV illumination. The eletrets, so formed 

were preserved in dark for I minute to reduce stray surface charges and 
were depolarized by the same radiation. 

2.12 CAPACITANCE AND LOSS FACTOR MEASUREMENT 

Dielectric properties of pyrene doped PS were investigated by 
measuring simultaneously the capacitance and the loss factor over a wide 
range of frequencies and temperatures. When the film equilibrated at a 
desired temperature, the capacitance and the loss factor were measured 
by varying the frequency in audio frequency range. 


% 





ELECTRICAL CONDUCTIVITY 
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3.1 INTRODUCTION 


Most of the polymers are considered to be insulators because 
they show low conductivity, low dielectric loss and high break down strength 
(171). However, recent research in the field of polymers has led to the 
development of special type of high molecular weight materials which 
exhibit a conductance high enough to classify them as semiconductors 
(specific conductivity = 10'^^ to 10^^ ohm'^ Cm'^^ or even in some cases as 
conductors (172). 

In the past several years, a good amount of work has been 
reported on electrical conduction in polymeric materials (173-175) and 
various mechanisms such as ionic conduction (186-188), Schottky 
emission (189-191), space charge limited conduction (192, 193), 
tunnelling (194), Poole-Frentiel mechanism (195), charge hopping (196) 
and small polaron mechanism (197) have been proposed to explain the 
experimental results. 

Electric current is an ordered (i.e., having a definite direction) 
motion of electric charges in space. Current appears in matter under the 
effect of applied voltage. The charged material particles of the matter are 
being brought into the state of ordered motion by the force of an electric 
field. Thus any matter will be conducting, if it contains free charge carri- 
ers When ions move in an electric field, electrolysis takes place. Dielectrics 
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with ionic conduction are also subjected to electrolysis but it is not so 
pronounced due to their high resistivity. A large quantity of electricity can 
be passed through them only during a long period of time, if a rather high 
voltage is applied. Electrolysis in dielectrics is more prominent at increased 
temperature when the resistivity of matter is reduced. The molecules of 
most of organic polymers can not be ionised but ionic conduction still 
takes place due to presence of impurities. Nonohmic conduction at high 
fields in ionic model is explained by diffusion over field perturbed 
potential barriers, by internal heating and by poly me structure 
modification by the field. The experimental temperature dependence and 
disproportionality between current and voltage are usually explained on 
the basis of temperature and field dependence of mobility. In that case, 
current-voltage curves follow a hyperbolic sine function, But it is not a 
definite proof of ionic conduction. In polymers with halogens in their 
molecular (1 72) structure, electrical conduction is qualitatively proved to 
be ionic (187). 

The fact that electronic conduction plays a role in polymers was 
established experimently by Seanor (198). To discuss electronic 
conduction it is necessary to investigate the generation of free carriers 
and their transport through the material. Several books and reviews 
(199-203) deal with the problem of carrier generation. Contact limited 
emission was first studied for the metal vacuum interface. In this case 
three mechanisms of current flow may be distinguished. Thermionic 
emission (204) (Schottky emission) occurs in the low field high tempera- 
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ture limit. Field emission (205, 206) (Fowler-Nordheim Tunnelling) oc- 
curs in the high-field low-temperature limit and is the direct quantum 
mechanical tunnelling of electrons from allowed states below thefermilevel 
in a metal into allowed states in vacuum. Thermal field emission (207- 
209) occurs when the dominent contribution to the observed currents arises 
from the tunnelling of thermally excited electrons through the narrow up- 
per region of the image-force-lowered work-fuction-barrier. Murphy and 
Good(210) showed that each of these mechanism in limiting appoximation 
is observed under appropriate conditions of applied field and tempera- 
ture. 

In polymers at or below room temperature, the density of free 
charge carriers is extremely low and with an electric field, non 
equilibrium conditions can be achieved, which can be easily enhanced by 
injecting a charge through an ohmic contact. If the contact is equivalent to 
sufficiently large reserve of free charge, the current voltage characteristic 
does not depend on the manner in which the charges are generated but is 
strictly connected with the charge transport mechanism. Current-voltage 
curve is generally non linear on account of the two basic causes. At high 
fields the charges are accumulated between the electrodes (211). The pres- 
ence of traps within the forbidden gap reduces the free charge density and 
produces a localized charge density within the polymer. The density en- 
ergy distribution and the nature of the traps have a determining influence 
on current-voltage characteristic which also depends on the type of charges 
involved in the conduction process (212). Space charge limited current 
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theory of Rose (213) has been modified by Lampert (214). Trapping sites 


exert a strong influence on the current flow i.e. on the concentration of free 
carriers and their mobility. Mobility values in polymers are very low sug- 
gesting strong trapping. Phenyl rings and aliphatic or aromatic groups 
may be active traps. The trapping ability of unsaturation sides in the 
chain and the chain ends of pure polymer is confirmed. Similar conclu- 
sions are obtained by Perlman and Unger (215) in the studies of electron 
traps in irradiated polyethylene and teflon. Mobility values of polyethlene 
satisfy the relation for carrier hopping between localized sites. If the acti- 
vation values of hopping are low 0.2 - 0.2 eV, hopping is connected with 
charge jumps brought about by motions of chain elements and the process 
is related to so called chain hopping mechanism while of greater values 
(0.5 eV) the so called trap hopping mechanism is involved. Martin and 
Hirsch (216) proposed energy traps 0.2 - 0.75 eV for polystyrene and 0.2 
- 0.3 eV for polyethylene terephthalate, showing that both the mechanisms 
play a significant part. Life time of carriers in traps depends on the field. 
Thus band model with traps of various depths explains experimental re- 
sults reasonably. However, the nature of charge carriers and trapping 



sites has not yet been settled conclusively. 

In polymers when H-atoms in the backbone chains are replaced 


by larger aromatic groups with n-electrons, the highest filled and the low- 


est empty molecular orbits are formed from the substituents and the charge 
transfer occur within the pendent groups where charge carrier density is 
higher due to higher affinity to electrons or holes. The role of backbone 




chain is less important. Taking into consideration that the overlapping of 
%-systems is small, the band width must be narrow. The band width de- 
pends on the method used but does not exceed 0.1 eV This narrow band 
width is responsible for the fact that the electrons are for quite a long time 
connected with the particular TZ-system which exceeds the vibrational and 
the high frequency dielectrical relaxation time. This results in deformation 
of electron density in the n- system and in induced polarization of 
the neighbouring K-systems. The bonding energy of an electron to the 
potential well can be calculated. Thermal energy (Phonons) can be trans- 
ferred to electrons, including thermally assisted hopping. This mechanism 
is called small polaron mechanism (217). In polymers conduction can be 
explained in terms of small polaron mechanism and in some cases as 
intrinsic phenomenon. 

The trapping capability of a polymer can be greatly modified by 
doping it with certain impurities. Carrier mobility in polymeric materials 
is increased by small molecules such as iodine (215). Recently Srivastava 
and CO workers (13 7' 138) doped polystyrene with several impurities and 
found that the conductivity of the polymer is greatly enhanced due to dop- 
ing of the matrix with iodine (137). The enhanced conductivity of the 
polymer has been interpreted in terms of charge-transfer complexes.. 

This chapter describes transient behaviour of current, current 
voltage characteristics and temperature dependence of current in pyrene 
doped PS films. 

3.2 RESULTS 







Time (Secs.) 

Fig.3.1 Effect of pyrene concentration on current Vs time at 50° C applied voltage being 9V 
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Application of a voltage to a polymer film causes current which 
is found to decrease first rapidly and then slowly. Transient behaviour of 
current was investigated in 20 pm thick films by applying a voltage in the 

range 9-90 V for 15 minutes. PS films incorporating pyrene in O.l, 1, 3 
and 5 gt^ were used. Film was kept at a constant temperature in between 
20-90^ C. Current (J) versus time (t) on a double log scale yielded a 
straight line. The current may be described by 

J(t)^A(T)t^ 2.1 



Where b is an exponent and A(T) a temperature dependent 
factor. Fig 3. 1 shows the effect of doping concentration at 50^C. Applied 
voltage was 9V. Fig 3.2 illustrates the influence of voltage at 40'^C for 
5gF doped PS. Fig 3.3 investigates the effect of temperature on transient 
current incorporating pyrene in 5gl'^ concentration. The voltage applied 
was 9V. The value of exponent b is noted on the line. It is seen that b 
decreases as the pyrene concentration, voltage applied and the tempera- 
ture at which the voltage is applied, are increased. Pyrene concentration 
and voltage applied are more effective than the temperature to dimnish b. 
Voltage dependence of current may be expressed by 

J(t) = K (t) W............3.2 

Where p is an exponent and K is a decay factor independent of 
voltage. Transient current was also found to depend upon electrode mate- 


Contacts provide an important source of carrier injection in poly- 
meric materials. To investigate the role played by contacts, steady state 


“''A' - , '..-.ti.' ■ ■ / ' . ' ’ ' ■ , ^ 


_L. iiJL ^ 











Current (A) 



( 32 ) 

current-voltage (J-V) characteristics were traced at 20^C for 5 gl'^ pyrene 
doped PS films of 20 pm thickness in the configuration Al-PS-metal. Al, 
Zn, Ni and Cu metals were employed to obtain a range of work function. 
The replots of J-V in the form of J-V (Schottky plots) are shown in fig 

3.4. They are all convex towards the current axis and exhibit a strong 
dependence on the metal used to form an electrode. The curves seem to 
originate from the same point at a low voltage of 1.5 V and as the voltage 
is increased, they diverge more and more from eachother. At high field 
values they have straight portions. The straight portions were extended 
backward to meet the current axis and the intercepts which yielded the 
zero field current densities (Jo) were plotted against metal work function 
J^ as a function of ^ is shown in the insert of fig 3.4. 

Fig 3.5 illustrates the effect of thickness on J-V characteristics 



of 5 gl'^ doped PS films at a constant temperature of 20’‘C. For the 
thickness of 20, 1 0 and 5p m the J- V plots are linear. It is seen that slope of 
J-V plot increases with the decrease in the film thickness. Current density 
at the same voltage plotted against reciprocal thickness cube of the 
film gave a straight line. Fig 3.6 shows these plots for the applied 
voltages 9, 18, 27 and 90V. Schottky plots of various thicknesses are 
shown in fig 3.7. These plots when extrapolated to zero voltage did 
not have common intercept but it increased for a thiner film. 




Fig 3.8 compares the steady state conduction currents obtained 
by applying a voltage in the range 1.5 -90 V at a temperature of 5(PC to 
the PS films doped with 0.1, 1,3 and 5gF of pyrene. For the sake of 
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comparision current Vs voltage for pure PS is also shown in fig 3.8. They 
are all linear on double log scale. Currents and hence the conductivities of 
the doped films are greater than those of pure PS film at all the voltages 
applied. At a particular voltage, as the pyrene concentration is increased, 
the current is increased. Slope of pure PS plot is greatest and it is de- 
creased with the increase in pyrene concentration. At a lower voltage the 
current differ more than at higher voltages i.e. as the voltage is increased, 
the difference in the currents of various samples becomes smaller and 
smaller. Current voltage characteristics of 5 gC doped PS at 20, 30, 40, 
60 and 90° c have been plotted in fig 3.9. Similar polls were also obtained 
for other concentrations of pyrene. Slopes of these lines are seen to de- 
crease with the increase in temperature. The diffrence in currents at vari- 
ous temperatures is greater at smaller voltages and is smaller at greater 
voltages. 

The temperature variation of current in the range 20-1 25°C 

was studied seperately by heating the film at a constant rate of 1°C min^ 

and applying a voltage of 90V. The conductivity was evaluated from the 

3 

measured value of current. The conductivity curves ( a Vs 10 /T) of pure 
PS film and imprignated with pyrene in 0.1, 1, 3 and 5 gC concentrations 
are shown in fig 3.10. The conductivity of PS film increases linearly with 
temperature from 20°C to about 9 0°C beyond which a strong bend is 
observed. Similar plots are seen for doped films. At all temperatures, con- 
ductivity of doped film is greater than that of pure PS. Due to increase in 
pyrene concentration, the conductivity is further enhanced. This enhance- 
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merit in conductivity is more at higher temperature. The slope of the straight 
line portion of the plot is increased with the increase in dopant concentra- 
tion, when these plots are extrapolated backward, they seem to originate 
from the same point. For this point the conductivity is <5=3.4 X 10-‘^ 
Cm~^ and the temperature is -17°C. Activation energy E was calcu- 
lated from 

a = G^exp (E/kT)... 3.3 

The value of activation energy is noted on the corresponding plot. The 
value of activation energy increases due to doping which is further in- 
creased due to increase in dopant concentration. 


3.3 DISCUSSION > 


Electronic conduction may be due to the motion of free carriers, 
electrons in the conduction band and holes in the valance band or 
altermatively to the motion of quasi-localized carriers which is otherwise 

described as hopping of bound carriers between localized sites (219) in 
the dielectric. The former process requires an activation energy in order to 
excite a carrier into relevant band and this energy can normally be sup- 
plied thermally or by other free carriers which have acquired a high en- 


ergy in an electric field, leading to an avalanche process. The activation 
energy may be affected by electric field as in the case of Poole-Frenkel 
effect (220). 

I; ■ 

; The hopping process requires less energy than the activation 

^ into the free band and this energy may, in the limit of very high density of 

localized centres, tend to zero as in the case of impurity band conduction 




in semiconductors (221). This process is favoured in the case of heavily 
disordered solids, such as amorphous and glassy dielectric films (222). 

Some dielectrics show a region of linear current voltage charac- 
teristics i.e., ohmic conduction at low fields (222), specially at elevated 
temperature although more often this region can not be seen at the limit of 
detection. It is difficult to establish conclusively whether ohmic conduction 
is due to ionic or electronic processes but ionic conduction would appear 


more 


In interpreting the properties of dielecric films, one frequently 
employs concepts taken over from the physics of crystalline media. In this 
way one refers to trapping levels and donor and acceptor levels at 
discrete energy values. One speaks of energy barriers due to ionized 
impurities and, in the case of Poole-Frenkel effect one employs the model 
ofhydrogenic impurities in which the bound electron is characterized by a 
definite effective mass and a ground state orbit of a diameter 
corresponding to several interacting spacings. These concepts maybe valid 
to a greater or lesser extent in the case of poly crystalline and micro 
crystalline films, although allowance may have to be made for the 
presence of interfacial barriers, It would be very difficult to justify their use 
in application to amorphous and glassy films (224). It is appropriate to 
recall here the salient features of the theory of amorphous conductors as it 
applies to dielectric films. The general consensus of opinion is that the 
basic features of the band structure, such as the width of the forbidden 
gap, are determined primarily by the short range order i.e., by the relative 


— 
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disposition of the nearest neighbours in the solid. Since these dispositions 
are similar in amorphous and crystalline solids, the broad features are 
preserved on transition from crystalline to amorphous structure. The dis- 
appearance of medium and large range order does influence the detailed 
shape of the band structure, however, in that case it causes a considerable 
blurring of the edges of the conduction and valence bands, and gives rise 
to a distribution of deep localized levels in the forbidden gap. 

In a crystalline solid, there exists a clear distinction between the 
propagating bands-conduction, valance and forbidden. In the former the 
carrier propagate freely except for collisions on thermal vibrations and 
other lattice imperfections which determine a mean free path which is 
greater, usually considerably greater than the lattice spacing. In the 
forbidden gap the energy levels that may exist due to imperfections are 
strictly localized and an electron has to be excited from one of these levels 
to the conduction band before being able to move on. Special case arises 
when the localized levels are spaced so closely that their wave functions 
overlap and give rise to the formation of the so called impurity band, 
leading to metallic properties with zero activation energy. Alternatively, 
the spacing may not be as close as is necessary for the formation of impu- 
rity band, but sufficient for phonon assisted tunnelling between neigh- 
bouring centres, the so called hopping conduction. Hopping is character- 
ized by an activation energy which is only a fraction of the normal ionisa- 
tion energy of the carrier from the centre into the band is often accompa- 
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The significance of blurred band edges is that there is no sharp 
distinction between the propagating and forbidden gap but instead partly 
localized levels are formed leading to a conduction by a process 
intermediate between impurity band and hopping conduction in which 
the propagation of the carriers is characterized by a small mobility. The 
deeper the levels, the more localized their character, until the deep tail 
states may be considered as proper trapping sites, unlike traps in 
crystalline materials, however, these deep states would not possess any 
clearly defined activation energy. 

Poole-Frenkel mechanism is frequently invoked in the 
interpretation of electric current in dielectric films at reasonably high 
electric fields. The physical basis of poole-Frenkel mechanism is 
analogous to the Schottky emission. 

O' Dwyer (225) in a theoritical paper considers a detailed 
electronic model of a dielectric with traps with Schottky emission from an 
injecting electrode and with Fowler -Nordheim correction for tunnelling 
through the top of the barrier at high fields. In a rencent review of Poole- 
Frenkel mechanism Simmons (226) pointed out that experimental data 
apparently favouring the Schottky mechanism can be more compatible 
with Poole-Frenkel m echanism if it is postulated that shallow neutral traps 
are present in the dielectric together with deep lying donors. Franks and 
Simmons (227) consider further the effect of space charge on Poole-Frenkel 


process. 


A consequence of a phenomenon of carrier enjection is the 




r 
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formation of space charge cloud (228,229)) of carriers in the vicinity of 
contacts. Mutual repulsion between the individual carriers limits the total 
injected charge in the film and the resulting current is said to be space 
charge limited. Trapping sites reduce the magnitude of current. The mo- 
bile charge carriers are continually interacting with the lattice. A thermo- 
dynamical equilibrium is maintained between the space charge and lat- 
tice so that there is a special relationship between the electric field and the 
drift velocity of the carriers. The trapping sites accentuate this difference 
even further. Holes or electrons can be injected according to the choice of 
electrode material (230). This then brings in the added complication of 
recombination. 


3.3(a) TRANSIENT CURRENT 

When a DC field is applied to a finite thickness of a dielectric 
sandwiched between two parallel electrodes, there is besides the rapidly 
charging current and steady state conduction current, a long term slowly 
decaying current. Similarly, on removal of the voltage and the electrodes 
short-circuited, the fast component of the current is followed by a long 


term slowly decaying currrent. This long term current is known as the 


anamolous current or absorption current (231). Provided the principle of 



super position holds, the behaviour of change in current with time for the 
charging and discharging events are equivalent and their numerical 
analysis are identical The discharge current manifests it self in a familiar 
absorption of the charging experim ent. Dielectric relaxations which occur 
in the frequency range 0. 1 Hz are normally studied by their contributions 
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to the current decay of a charged dielectric on discharge (232). 

Das Gupta and Joyner (231) reported absorption current in 
polyethylene terephthalete and polypropylene by varying field, tempera- 
ture, time, electrode material and thickness and identified the mechanism 
from the possibilities electrode polarization, dipole orientation, charge stor- 
age leading to trapped space charge effect, tunnelling of charge carriers 
from the electrodes and hopping of charge carriers through localized states. 
The behaviour of absorption current in pyrene doped PS is observed to be 
similar to that of polypropylene. A sudden increase in voltage causes the 
current to transiently increase to high values. In a matter of minutes, the 
current subsides to a much smaller stationary value. The interpretation is 
that the sudden increase in voltage forced a corresponding increase of 
charge in the conduction band. In the course of minutes, most of this free 
charge settles into traps and one observes the rapid decay of current. The 
time required for the transient current to subside is a direct measure of the 
capture cross-section of traps for free carriers. 

The transient current J versus time t on a double log scale yields 
a straight line (fig 3. 1-3.3) showing that the decaying current obeys the 
usual D law (b; an exponent ; (0<b<I) before reaching a steady state. 

The absorption current shows a marked increase with 
temperature. The observed magnitude of b in the temperature range and 
the absence of any thickness dependence and any significant electrode 
material effect (not Shown) rule out tunnelling, electrode polarization and 
charge injection forming trapped space charge as possible mechanisms 



for absorption currents. The observed behaviour of absorption current in 
the temperature range may be explained either by the mechanism of 
dipolar relaxation in the bulk with the wide distribution of relaxation times 
or by a charge carrier hopping process through localized states. A 
relaxation of dipoles may also be ruled out as a relevant mechanism 
because the absorption current was not found to be inversely proportional 


to the sample thickness (233) 


EFFECT OF ELECTRODE MATERIAL 


Charge transfer from metal depends on electron levels in which 


the carriers shift freely under the influence of field. The energy on this level 


(234) may be given by 


E=E=(1-Pf-(A+F)=l-A 
Where 4 is ionisation energy, A^ electron affinity, P* and P' polarization 
energies and Ic ionisation energy of a molecule of the material, E^ 
corresponds to energy gap E^. In case of PS E^=^ E^ = 4-5 eV, from this 
data intrinsic generation of free carriers resulting from Boltzmann s factor 
is negligible at temperatures below polymer decomposition. It gives more 
emphasis to the importance of metal- electrode contact which is the origin 


of carriers responsiable for conduction. 


The contact is said to be ideal if the distance between metal and 


dielectric is 10A°-. If no excess ions or other energy states appear in the 
dielectric, the fermilevel is midway between conduction and valence band. 


The fermilevel is away from the vacuum level by <p ( (^corresponds to work 
function of electron detached from the metal). When the metal comes into 
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the contact with the dielectric, there is a tendency towards equalization of 
levels at the point of contact. If the fermi level is higher in the dielectric 
than in the metal, then electrons are transferred to the metal and in this 
way a levelling of potentials takes place. In the case of organic compounds, 
there are no excess charges even if there are defects, they are deep and 
therefore can not go ionization under the influence of thermal energy, the 
same applies to impurities from the other organic molecules. Electrostatic 
equilibrium is established only due to transfer of carriers from metal. Elec- 
tron over comes the potential barrier (designated by %) 

3.4 

while holes must overcome the potential barrier 


X* = / - <|) 

Where <j) is the metal work function. In this way emission current arises as 
described by Richardson 's equation ; 

A'f exp (- /pT ) 3.6 

Where J is the current density, A is a constant, T is the absolute tempera- 
ture and k is Boltzmann 's constant. 

In the light of above discussion, plots {fig 3. 4) may be 
interpreted in terms of Richardson-Schottky (RS) field assisted thermionic 
injection of carriers from metal electrodes. The RS mechanism has also 
been suggested in other studies on polyethylene terephthalate, polytetrafluom 
thylene and poly N-vinyl carbazole (235, 226). The simple RS theory does 
not give a good fit to the experimental data and various explanations have 
been advanced to explain this. Schug etal (237) have concluded that the 


L. 


electric field in the RS effect is determined by the trapped space charge 
moderated by Poole-Frenkel effect (226). Taylor and Lewis (238) have 
assumed a more generalised form of the potential barrier rather than the 
Coulombic barrier usually employed in treatments of the RS effect. They 
obtained consistent agreement with experimental results in studies on 
polyethylene and polyethylene terephthalate and concluded that the 
potential barrier chosen referred to the cathode-dielectric interface and is 
probably determined by a space-charge layer in the dielectric. It has been 
suggested that such space-charge layers are charged up by the absorption 
current (238, 239). The classical RS effect predicts a current-voltage rela- 
tion ship of the form : 

J = AP exp (- V kT) exp ( j3 V'^^)... 3.7 

with 13 = e/kT (e/ dnez^jd )^^7... 3.8 

Where, d is the film thickness, e is the dielectric constant , is the 
permittivity of free space and e is the electronic charge. For zero field, this 
equation reduces to the previous one and the current density depends on 
the potential barrier at a constant temperature. Zero field current density 
varies with metal work function (insert of fig 3 4). It is the clear indication 
of the electrode effect on carrier injection in pyrene doped PS films. 
This is in accordance with the findings of Takai etal (230) and Goodman 
and Neill (240) 

33 (Q THICKNESS DEPENDENCE > 


A consequence of the phenomenon of carrier injection is the 
formation of a space charge due to their trapping in different trapping 
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sites. Mutual repulsion between the individual carriers limits the total charge 
injected in the sample and the resulting current is said to be space charge 
limited current (SCLC). Certain requirements are to be fulfilled for such a 
flow of injected charge to take place and be detected. The first stringent 
condition is that the electrodes furnish ohmic contacts to the solid. Secondly 
the insulator should be relatively free from trapping defects and the contri- 
bution of thermally generated carriers be small. 

The complete mathematical analysis of time independent SCLC 
in solids is so complex that no explicit expressions have yet been obtained 
relating the current and voltage. Mott and Gurney (241) were the first to 
emphasize the importance of an injecting contact between a metal and an 
insulator and they provided an approximate expression relating the 
current, voltage and thickness in a trap free insulator. A slight modification 
of their theory results in the following relationship between current, voltage 
and thickness for a SCLC. 

9Q s ilV' 

j ^ jp 

8d^ 



In this eqution |i is the mobility of carriers, e and d are the permittivity 
and thickness of the sample and 0 is the fraction of total carriers (all 
electrons above the Fermilevel) which are free. 

The above equation is a special case of the general scaling law 
for bulk space currents in a homogeneous medium which is: 

J oe d (V/cPf.. ....... ...3.10 


Where n is a constant which need not necessarily be an integer. For exam- 
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pie in the trap free insulator case, n=2, -while for double injection, n=3 
and for recombinative space-charge injection, n = 1/2 (242, 243). 

The introduction of deep trapping centres in the solid can result 
in a higher power dependence of current on voltage than the square law 
relation. It is evident that as more and more electrons are injected into a 
solid, the traps will gradually get filled up and eventually no more in- 
jected electrons are trapped. The first approximate treatment of this prob- 
lem was by Lampert (214) who considered a model containing a set of 
defect states at a single discrete energy level. 

It is of importance to be able to distinguish between non-ohmic 
behaviour due to space charge and that arising from other physical 
process. The obvious method is to investigate the dependence on thickness 
of a set of current-voltage curves (fig 3.5). Thin films give more current. It 
is the evidence of space charge accumulation. Schottky graphs of films of 
various thicknesses (fig 3. 7) extrapolated to zero voltage do not have a 
common intercept. Pulfrey et al (244) consider electronic conduction and 
space charge in amorphous insulating films and conclude that at small 
thicknesses Schottky law is more probable while at large thickness the 
Poole-Frenkel law is expected. Linearity of current density versus 
reciprocal thickness cube plots (fig 3.6) is the ample proof of SCLC in 
pyrene doped PS-matrix. 

3.3 (d) CURRENT VOLTAGE CHARACTERISTICS :- 

Current-voltage characteristics (fig 3.8 and 3.9) are linear. When 
the charge carriers are supplied from the electrode and all of them are 
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transported Ohmic law holds and the current is proportional to the volt- 
age. The current in the case is limited by the electrode. When the electric 
field is low, the mobility of the carriers or the presence of traps can limit 

the current observed in the system. In the absence of traps only mobility 

■ 

limits the current and one has a super linear, J-V curves (245-247). 

The plots of fig 2.9 have been replotted in J-V form in fig 

if 

I 3.11. The plots are seen to be linear. This is naturally taken as evidence of 

either Schottky or Poole-Frenkel mechanism. The theoretical and 
I experimental values of constants in Schottky and Poole-Frenkel equations 

show marked departures. This complicates the interpretation in terms of 

\ 

either of the simple models because a temperature dependence is not pro- 
i vided in both the Schottky and Poole-Frenkel mechanisms. 

Scher and Montroll (219) recently advanced the 
phenomenological relationship for hopping conduction in which the volt- 
age and temperature dependence of the mobility p is described by the 
? following equation 

jLi - Mo (^xp (a/k) (V ” - f" ; (l/T - 1/T^ ) ...2. 11 

Where is pre-exponential factor, a, F and 7’^ are parameters 
and n approximates to 1/2. In fig 3. 11 the square root voltage dependence 
of current is shown for temperatures 20, 40 and 60°C. The straight lines 
when extended have a common intercept. The values of current and volt- 
age at the intercept are found to be 2. 6 X 1(F^ A and 1369 V respectively. 
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The values oj current and temperature at the intercept are found to be 
2.7X 10'^ A and 60°C respectively. The values of current obtained from 
the two intercepts are in very good agreement. Therefore the current and 
hence, the mobility is described by the above equation in pyrene doped PS 
films. 

SJ (e) EFFECT OF DOPANT CONCENTRATION ON TEMPERA- 
TURE DEPENDENCE OF CONDUCTIVITY- 

The interpretation of the temperature dependence of 
conductivity in polymers is far from consistent. Some hypothesis have 
postulated that conductivity above and below the inflection is ionic and 
electronic in nature respectively and yet others are based on the analogy 
with some intrinsic conduction exists above inflection and impurity 
conductivity below inflection. Shishkin and Vershinina (248) and Warfield 
and Petree (249) connect the inflection with glass transition of the 
polymer. They explain the inflection at glass transition by change in envi- 
ronmental conditions for ion mobility at the transition from the glassy state 
into a highly elastic one. Herwig and Jenckel (250) and Raddish (251) 
suppose that the inflection appears as a result of the super- position of 
polarization effects on the conductivity process at temperature below the 
glass transition temperature, at which the relaxation time becomes 
long. Adamec and Mateova (252) concluded that the inflection on J fl) 
curve does not necessarily correspond to the glass transition temperature 
of the polymer, even though the inherent conductivity becomes a 
predominating component in the vicinity of glass transition. 




High activation (fig 3.10) arises from intrinsic conduction. The 
difference in activation energies is due to higher dissociation energy to 
form the carriers for intrinsic conduction. Similar results of doping have 
been reported for poly vinyl fluoride (253) and polystyrene (136). The 
conductivity is enhanced considerably, which may be associated with the 
increase in mobility due to doping. The strong concentration dependence 
of conductivity of the polymer helps to interpret that transport in pyrene 
doped PS films occurs via a hopping process among sites associated with 
the dopant molecule. A rather detailed theoritical background exists for 
hopping transport with a discrete activation energy. Theoritical 
refinements are in progress to include distribution of hopping energies and 
to describe alternative transport mechanisms such as multiple trapping 
and trap-controlled hopping (254-258), although these extensions of the 
theoritical concept will narrow the range of possible interpretation would 
require the experimental modifications of materials parameters specific to 
the proposed transport model, such as the densities of hopping or trap- 
ping sites. In this respect, the concept of doping of organic polymers is 
extremely powerful. 


3.4 CONCLUSIONS 


The above discussion on electrical conduction in pyrene doped 
PS films enable to draw the following conclusions. 

1. The transient current decays according to law before reach 
ing a steady state. The observed magnitude of b and the lack of 
thickness and electrode material dependence of transient current 
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indicate carrier hopping process. 

Electrode effect on current-voltage characteristics of the films indi 
cates the Schottky thermionic emission of charge carriers. 

Thickness variation on current-voltage curve of doped PS reveals space 
charge build-up. 

In low field regime Ohm's law seems to be valid in pyrene doped PS 
films. 

At high field values, the linearity of current with square root of volt 
age indicates Schottky or Poole-Frenkel mechanism. But the Poole- 
Frenkel mechanism is more logical because comparatively thick (20 
p. m) films have been used in the investigation. 

The experimental value of Poole-Frenkel coefficient is calculated to 
be very low in comparison to the theoritical value. This complicates 
the interpretation of current-voltage characteristics in terms of Poole- 
Frenkel mechanism and shows a temperature dependence which is 
not provided in the simple model for Poole-Frenkel mechanism. 

The value of current for pyrene doped films determined 
from the common intercept of current versus square root voltage at 
various temperatures agrees well with the value determined from the 

7 

common intercept of current versus Kr/Tat various voltages. This 
shows that the field and temperature dependence of mobility in the 
films can be described adequately according the equation. 

p = \i^exp(a/k) (\/‘ -Vl) (irr- lJTo^^ 

The above equation is the phenomenological relationship for 


h ^ 
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hopping conduction as described by Scher and Montroll. 

8. Temperature dependence of conductivity of pure and pyrene incorpo 
rated films reveals that doping of the PS matrix with pyrene enhances 
the conductivity of the polymer. The increase in conductivity is due to 
the increase in mobility of charge carriers due to impregnation of the 
matrix with pyrene. 
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DIELECTRIC PROPERTIES 
4.1 INTRODUCTION 

The dielectric behaviour of polymeric films is of direct interest to 
both the basic studies of electrical conduction through such films and their 
applications in capacitors for micro-electronics. To obtain high values of 
capacitance, the dielectric constant should be high and the thickness be 
small. Due to the difficulty of obtaining structurally continuous and stable 
ultra thin films, capacitor applications are generally limited to thick films. 

The evaluation of dielectric properties of insulator films (259- 
263) is carried out by measuring simultaneously the capacitance and the 
dissipation factor over a wide range of frequencies and temperatures. As 
all the other electrical parameters of dielectrics, the permittivity depends 
on the changeably external factors such as the frequency of voltage appli- 
cation , temperature, pressure, humidity etc. In a number of cases these 
dependences are of great practical importance. 

Recently dielectric properties of several polymers (264-279) po- 
lar and non-polar have been investigated. Some general relations 
between dielectric properties have been discussed, distinguishing between 
resonance phenomena that commonly occur in the optical region and 
relaxation phenomena which occur in polymers at the lower frequency 
regions. It has been shown how the real and imaginary parts of the 
complex dielectric constant are related. In nonpolar polymers, the 
dielectric constant depends primarily on the density, but little is known 
regarding the nature of the dielectric loss. Attention has also been paid to 
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polar polymers. After some preliminary remarks on the nature of dielectric . 
dispersions, some phenomenological notions of dielectric dispersions have 
been considered. Attempts have been made to relate theory and practice. 
The topics, such as phase transitions, anisotropy and inhomogeneity have 
been dealt with. 

Dielectric relaxations in polyvinyladene fluoride were studied by 
Sasabe et al (266). They observed three distinct absorption peaks ) 
in the frequency range from 0.1 to 300Hz in the temperature range -66 to 
100°C. The Y absorption is related to molecular motion in the crystalline 
region. The absorption can be interpreted as due to the micro-Brownian 
motion of the amorphous main chains. The a absorption is attributed to 
local oscillations of the frozen main chains. Kakutani and Ashina (267) 
studied low- temperature absorption of polyvinyl chloride and concluded 
that the y and P processes are the results of molecular motion 
in crystalline and amorphous regions of the polymer respectively. Low 
temperature dielectric relaxation in polyethlene and related hydrocarbon 
polymers was investigated by Phillips (280). He uses a simple quantum 
mechanical model of relaxation process to explain the experimental 
results. According to this process, a particle in a double potential well 
tunnels from one well to the other with emission or absorption of a phonon. 
Results ofKawamura et at (264 ) on dielectric properties of co-polymer of 
methyl-methacrylate with n-bityl methacrylate lead to the following 
conclusions. 

1: The loss peak temperature attributed to side chain relaxation varies 
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with the comonomer ratio when the comonomer does not have a 
methyl group but remians almost unchanged for comonomer having 
methyl group. 

2: In both cases, the ^-peak height decreases with increasing ratio of 
comonomer. It is suggested on the basis of the above facts that the 
moving unit in the side chain relaxation consists of single side chain 
with a segment of the backbone chain and that the change in mobil 
ity of the side chain upon copolymerization results from the distortion 
of the helical structure of the backbone chain due to random distrib- 
ution of methyl groups. 

Though there is a wide literature available on dielectric proper- 
ties of polymers, yet a ferw reports (281-283) exist on impurity doped poly- 
mers. Kokasi and leda (281) have doped high and low density 
polyethylene. One of them has the loss maximum dependent on the amount 
of the impurity and is related to the relaxation of a dipole orientation of the 
impurity. Another shows an odd behavior named retrogressing phenom- 
enon near the melting point of polyethylene and can not be detected in the 
amorphous polystyrene doped with the same impurity. An interfacial po- 
larization is proposed assuming a model which is justified semi-quantita- 
tively. The retrogressing phenomenon is explained by the change of the 
layer thickness that affects the dielectric relaxation time of the model. 
Kulshretha and Srivastava (282) doped polystyrene with chloranil and 
Srivastava et al (283) with copperphthalocyanine and observed interfa- 
cial polarization in the measurement of dielectric losses of the polymer. 







Temperature 

Fig.4.2 Effect of pyrene concentration on capacitance Vs temperature 
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Less has been reported on dielectric properties of doped PS (284) 
and it seems to carry out further investigations to understand the dielectric 
behaviour of the doped polymer. This chapter reports on capacitance and 
dielectric loss factor of pyrene doped PS films as a function of temperature 
and frequency in audio frequency range. 

4^2 RESULTS : 

Dielectric properties of polymers are investigated by measuring 
simultaneously the capacitance and the losses at regularly varying 
temperature and frequency. Capacitance as a function of frequency for 
IgU pyrene doped PS film at 20, 60, 90 and 120 ^^0 is shown in fig 4.1. 
There is no variation in capacitance with the frequency in the range 
(0-15 KHz). Due to increase in temperature capacitance is increased. 
Similar results were also found for other concentrations of pyrene 
incorporation (not shown). Fig 4.2 illustrates the effect of pyrene 
concentration on capacitance Vs temperature. A plot for PS film is also 
included in fig 4.2 for the sake of comparision. Due to doping capacitance 
is increased which is further increased due to increase in pyrene loading. 
Fig. 4.3 exhibits capacitance versus pyrene concentration at 20 , 60, 90 
and 120°C temperatures. Capacitance increases with the increase in pyrene 
concentration as well as with the increase in temperature. Fig 4.4 
illustrates the effect of concentration of pyrene incorporation in PS on tanb 
(loss tangent) versus temperature at 500 Hz. For the sake of comparision 
the plot for pure PS film has also been included in fig 4.4. For PS a loss 
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maxima at 85^C is observed. Due to doping, this loss maxima is shifted to 
a lower temperature. For concentration 0.5, 1 and 3gl ^ the loss maxima 
occurs at 78, 70 and 66^C respectively. Loss is increased due to doping 
which is further increased due to increase in dopant concentration. Fig 
4.5 shows tanb Vs temperature for pure PS film at 200 Hz, 500 Hz and 1 
KHz. As the freqency is increased tan 5 decreases. Loss maxima shifts to a 
lower temperature due to decrease infreqency. Fig 4.6 exhibits tan 5 Vs 
temperature for 5gH pyrene doped PS at 200 Hz, 500 Hz, 1 KHz, 2 KHz 
and 3 KHz. Loss maxima shifts to a lower temperature due to decrease in 
frequency. Similar results (not shown) were also observed for other 
concentrations of pyrene incorporation. In fig 4.7 log f^^ versus 10^/T has 
been plotted for PS and 5gH doped PS. The plots are straight lines. The 
value of activation energy is calculated to be 0.68 eV for pure PS and 1.28 
eV for doped PS. Due to doping activation energy is increased. Activation 
energy and tan 5 versus pyrene concentration have been plotted in fig 4.8. 
Both are straight line plots. 

4.3 DISCUSSION 


Permittivity is the basic parameter of a dielectric describing its 
properties from the viewpoint of the process of its polarization orpropaga- 
tion of electromagnetic waves in it, or more generally from the point of 
view of the processes of its interaction with an electric field. Permittivity is 
a macroscopic parameter of a dielectric which reflects the properties of a 
'■% given substance in a sufficiently large volume but not the properties of the 

separate atoms and molecules in the substance. There are three well know 
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types of polarization : Electronic, ionic and dipole polarization. 

Electronic polarization is the displacement of electrons with re- 
spect to the atomic nucleus, to be more precise the displacement under the 
action of an external field of the orbits in which negatively charged 
electrons move around a positively charged nucleus. This type of 
polarization occurs in all atoms or ions and can be observed in all 
dielectric irrespective of whether other types of polarization are displaced 
in the dielectrics. One specific feature of electronic polarization is the fact 
that when an external field is superposed, this type of polarization occurs 
in a very short interval oftime( of the order of 10 seconds ) i.e the time 
of the period of oscillation of ultraviolet rays. 

Ionic polarization is the mutal displacement of ions forming 
heteropolar (ionic) molecules. A shorter time is required for the process of 
ionic polarization to set in, but is longer than that of electronic polariza- 
tion, i. e. l(y^^- seconds. On the whole the process of electronic cmd 
ionic polarization have much in common. Both phenomena may be re- 
garded as the varieties of polarization caused by deformation which is a 
displacement of charges with respect to each other in the direction of the 
field. Apart from a very high velocity mentioned above with which the state 
of polarization sets in, it is important to bear in mind that the process of 
deformational polarization is practically unaffected by the temperature of 
the dielectric and is not connected with an irreversible dissipation of 
energy. The electric energy required to polarize a molecule is completely 
returned to the energy source after the voltage is removed. For this reason 
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deformational polarization does not entail any dielectric losses. 

Polar dielectrics (285-288) exhibit a tendency towards dipole 
or orientational polarization. The essence of this kind of polarization can 
be reduced in a simplified manner, as has been first suggested by Debye, 
to the rotation of the molecules of a polar dielectric having a constant 
dipole moment in the direction of field. If orientational polarization is con- 
sidered more strictly, it must be understood as the introduction by an elec- 
tric field of certain orderliness in the position of polar molecules being in 
uninterrupted chaotic 'thermal' motion, and not as a direct rotation of 
polar molecules under the action of a field. For this reason, dipole polari- 
zation is connected by its nature with the thermal motion of molecules, and 
temperature must exert an appreciable effect on the phenomenon of dipole 
polarization. 

After a dielectric is energized, the process of establishing a di- 
pole polarization requires a relatively long time as compared with practi- 
cally almost inertialess phenomena of deformational polarization. More 
or less time is needed in any individual case. As distinctfrom deformational 
polarization, dipole polarization and also other kinds of relaxation po- 
larization dissipate electric energy which tansforms into heat in a dielec- 
tric i.e. this energy causes dielectric losses. 

In polymers dielectric loss behaviour may be attributed to the 
deformation of polymer chains (289-291). The molecular flexibility of chains 
are responsible for this characteristic property of the polymers. The other 
important mechanism for the dielectric losses in the polymers is considered 
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to be the internal motions or the local movements of the molecular chains 
of the polymer. At high temperature, especially at the glass transition 
temperature of the polymer such segmental motions are prominent. How- 
ever, at low temperature these motions become less significant. 

4-S (a) FREQUENCY DEPENDENCE OF CAPACITANCE :- 

The capacitance and hence the dielectric constant of (fig. 4.1) 
pyrene doped PS remains constant with the change in frequency. This is 
so because the polarization settles itself during a very short period of 
time as compared with the time of voltage sign change. Dielectric con- 
stant of nonpolar polymers remains invariable with frequency. Incase of 
polar polymers, the dielectric begins to drop at a certain critical 
frequency and at very high frequencies it approaches the values typical 
of non polar polymers. In amorphous polymers structural polarization 
(i.e related to the loose structure of matter) is also possible. For this type 
of polarization, the capacitance falls with the increase in frequency 
(292). 

4.3 (b) TEMPERATURE DEPENDENCE OF CAPACITANCE:- 

The increase in capacitance above the room temperature 
(Fig. 4.2 & 4.2 ) may be partly due to the expansion of the lattice and 
partly due to an ionic mechanism of polarization. The molecules can not 
orient themselves in polar dielectrics (293) in the low tempreture region. 
When the temperature rises, the orientation of dipoles is facilitated and 
this increases dielectric constant. Addition of pyrene may form charge 
transfer (CT) complexes with the polymer and so the increase in capaci- 
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tance with temperature is enhanced. 

4.3 (c) VARIATION IN LOSS TANGENT 

Temperature transition corresponding to Alpha- relaxation 
process has been observed near the glass transition temperature of PS 
(Fig. 4.4, 4.5 & 4.6 ). The Alpha-relaxation process in polymers is 
observed at temperatures above the glass transition of the polymer. Though 
at glass transitioin temperature the segmental motion is expected but at 
the temperatures above the glass transition temperature some thing larger 
than segments and possibly the entire molecular chain motion is ex- 
pected. Polymers are considered to be the mixtures of amorphous and 
crystalline regions. Above the glass transition temperature they seem to 
loose the intermolecular cohesive bondings and the association and disso- 
ciation processes involved are governed by thermodynamical equilibrium. 
Therefore, Alph-relaxation process may be attributed to the motion of the 
more mobile molecular chains in which the intermolecular forces between 
the crystalline regions are weakened due to thermally activated process. 
This weakening of forces causes the motion of the entire molecular chain 
and hence the occurrence of Alpha- relaxation. 

Incorporation of pyrene in PS softens the viscosity of the system 
and causes the Alpha-relaxation to shift to the region of lower 
temperature. The view is further supported by the observation that the 
increase in pyrene concentrationhas an effect of displacing the loss maxima 
to a lower temperature. 

Logarithm of frequency at which loss maxima occurs, has been 
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y plotted against inverse absolute temperature in (fig 4.7 ) for pure and 

pyrene doped PS films. The activation energy is calculated to be 0.68 eV 
for PS and 1.28 eV for 5gl pyrene doped PS. Incorporation of pyrene 
has an effect of increasing the activation energy. Besides molecular chain 
movements, the losses also occur due to electrical conduction which in- 
crease with the decrease of frequency. This is also what has been observed 
presently. Mixing of pyrene in PS increases the conductivity of the film and 
so the doped films exhibit more pronounced increase in losses with the 
decrease of frequency. 

4.4 CONCLUSIONS :- 

The present investigation on dielectric behaviour of pure and 
^ pyrene doped PS films helps to conclude: 

(1) Dipole polarization involving ionic motion is prominent in PS. Dop 
ing of the matrix with pyrene enhances the process of polarization. 

(2) ) The Alpha-relaxation in the polymer is due to the motion of polymer 

chains . Addition of pyrene reduces the viscosity of the system shifting 
Alpha- relaxation peak to lower temperature. 

(2) Doping causes conduction losses. 


(4) Above the glass transition temperature of the polymer, main chains 
are mobilized and the mobilization is facilitated due to incorporation 
of pyrene. 





PHOTO DEPOLARIZATION CURRENT 
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5.1 INTRODUCTION 

Many polymers (294-304) show polarization effects when an 
electric field is applied in the presence of illumination. It is a problem of 
interest from stand point of the technology involved in using these materi- 
als in radiation environment and for the pieces of information it gives on 
conduction process in insulating materials. The processes taking place 
during photo polarization and depolarization are the basis of persistent 
electrical photo graphy (294). Persistent internal polarization is a striking 
static phenomenon and supplies several important pieces of information 
which can not be easily obtained otherwise. 

The studies have been made of the spectral characteristics and 
photo electric sensitivity of many organic polymers (205-322). In spite of 
the considerable number of papers devoted to photo electric sensitivity, so 
far, there has been no sufficiently well founded theory of the mechanism of 
photo excitation of current carriers and their transfer in polymeric 
structures. Never the less, the characteristics of photo conduction of sev- 
eral polymers give grounds for considering these materials as promising 
substances for practical use. There are no experimental results available 
for polymeric semiconductors that could fully explain the processes of photo 
conduction. Such results have been obtained for low molecular weight 
semi conductors (323-326). 

There have been a number of recent studies of photo- conduc- 
tion induced in polymers with ultraviolet light. The most extensive investi- 


gation has been carried out on low density polyethylene for which it has 
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been established that hole injection occurs from the anode. This observa- 
-f 

tion by Vermeulan, Wintle and Nicodema (327) has been confirmed by 
Commins and Wintle (328) and by Mizutani (329) who showed that hole 
injection regime is dominant only when the applied field is below 300 KV 
Cm'( The photo current varies linearly with illumination intensity (328) 
and with voltage (329). It exhibits no dependence upon the thickness of 
the specimen at constant voltage, indicating that the current is controlled 
by contacts (328), thus confirming an earlier suggestion by Wintle (330) 
and Tibensky (331) that photo injected charges traverse the full thickness 
of the specimen and are not permanently trapped because the illumina- 
tion fulfils the subsidiary role of injecting any charges which may be trapped 
in the bulk. These authors also showed that the dark absorption currents 
and the photo-currents were independent of one another and supported 
these observations with rough numerical estimates of the magnitude of the 
charge of each type in a typical experiment. 

Hersping et al (332) have reported that polyvinyl chloride films 
exhibit a sensitive photo- conduction under the illumination of UV light. 
At the same time, however, Kryszewski et al (333} have observed the 
decrease of conductivity of polyvinyl chloride films under UV illumination, 


namely a negative photo- conduction. Mizutani et al (334) investigated 
photo-conduction of polyvinyl chloride in more detail and concluded that 
photo-conduction in the polymer is induced not only by UV light but also 
by visible and near infrared light unlike polyethelene in which photo- con- 
duction is induced mainly by UV light. 


“ : 
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Takai et al (335) have developed an experimental technique to confirm the 
photo -injection from metal electrode and to determine the sign of the 
injected carriers and have applied it to polyethelene terephthalate in the 
wavelength region 400 nm to 320 nm. The dominant carriers injected are 
electrons for aluminium and copper and electrons and holes for silver at 
round 370 and 340 nm respectively, but for the others they can not be 
determined due to the small photo injection currents. 

These photo-injection process are mainly controlled by the work 
functions of m etals and insulators, but can not be explained by the work 
function only and the surface states are tentatively proposed. Photo 
emission of electrons from metallic electrodes into poly 
N-vinylcarbozole and the threshold values of internal photo-emission 
change according to the work function of the metal have been investi- 
gated. 


Recently there have been a few reports on photo polarization of 
doped polymer films (336,337). Srivastava et al (336) study electrode 
effect on photo-polarization of copper phthalocyanine doped polystyrene 
films and investigate build-up of polarization (337) with field and time. 
These results on photo-polarization of doped polymer shows that life time 
of photo generated carriers can be greatly modified by doping the poly- 
mers with suitable impurities. 


This chapter reports photo depolarization currents in pyrene 
doped PS films and investigate the build-up of polarization with field and 
time. The electrode effect on photo depolarization current is also reported. 



Current (Ax 



Poling time (Mins) 


Time (Mins) 

Fig 5.1 Photo depolarization current Vs time, poling time noted on the curve 
poling voltage being 54V, Film incorporating 5 gl pyrene 
Insert Charge released Vs polarizing time. 




Poling Voltage (V) 


Time(Mins) 

Fig 5.2 Photo depolarization current Vs time, poling Voltage noted on the curve 
poling time being 15Mins, film incorporating 5 gl ’ pyrene 
Insert Charge released Vs polarizing voltage. 







Time (Mins) 


Time(Mins) 

Fig 5.4 Effect of pyrene concentration on photo depolorization current Vs Time, 
poling time being ISMins, poling voltage being 54V 
Insert Charge Vs Time 
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To investigate photo depolarization currents in pyrene doped 
PS films, the samples incorporating pyrene in the concentration range 
0.1- 5gl-^ were used. Time of photo polarization was varied from 1 to 10 
minutes and the voltage applied was changed from 9 to 54V. The photo 
electrets formed were kept short-circuited in dark for 30 seconds to 
minimise stray charges and then were depolarized by reirradiating them 
with the same UV light which was used during polarization. Photo 
depolarization current Vs time as a function of poling time is shown in 
Fig. 5.1. Sample incorporated 5gl pyrene and voltage applied was 
54V. As poling time is increased, initial and final value of current is in- 
creased. Charge released during the depolarization was calculated by 
integrating current Vs time curve. Charge Vs poling time has been plotted 
in the insert of fig 5. 1. The plot is not a straight line. Charge released 
increases first rapidly and then slowly with the increase in polarizing 
time. Photo depolarization current Vs time for various polarizing voltages 
have been plotted in fig 5.2. Film incorporating 5gl~^ pyrene was polar- 
ized for 15 minutes. As the poling voltage is increased initial and 


final values of current is increased. Charge released Vs polarizing voltage 
has been plotted in the insert of fig 5.2. The charge released increases 
linearly with poling voltage upto 54V. Initial photo depolarization current 
Vs square root voltage is shown in fig 5.3. The plot is straight line. Effect 


^ of pyrene concentration on photo depolarization current decay mode has 

been shown in fig 5.4. For this purpose, films incorporating pyrene in 0. 1 




Work function (eV) 


Fig. 5.5 Effect of electrode material on photo depolarization current Vs 
time, poling time being 15 mins, poling voltage being 54 V, 
film incorporating Sgl'lpyrene. 

Insert : Initial & final currents Vs metal work function 
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3 and 5gl'^ concentrations were poled by 54V for 15 minutes. For the sake 
of comparison, photo depolarization current decay mode for pure PS film 
is also included in the fig 5.4. Charge released Vs time of decay for these 
films has been plotted in the insert of fig 5.4. Initial and final values of 
current and charges are increased due to increase in pyrene concentra- 
tion. 

To study the effect of electrode material on photo depolarization 
current, films incorporating pyrene in 5gF concentration and grown on 
Cu, Ni and Zn substrates were poled for 15 minutes by 54V. The current 
decay modes have been shown in fig 5.5 Current changes drastically due 
to change in electrode forming material. Initial and final depolarization 
currents Vs work function of metal have been plotted in the insert of fig 
5. 5. The plots may be considered to be nearly linear. The currents are seen 
to decrease with the increase in metal work function. 


5.3 DISCUSSION 

When the absorption spectra and photo conductivity spectra for 
the majority of polymers are compared, a direct correspondence between 
them can be found. At the same time, by analogy with low molecular 
weight organic semiconductors, it may be assumed that light causes 
singlet-singlet transitions (338). The absorption of a photon in a 
polymer leads to the formation of an exciton which can migrate freely 
within the limits of a region of conjugated bonds. Cherkasov et al (339) in 


an interpretation of the absorption and diffue reflection spectra of 


polystyrene have indicated the possibility of formation of free carriers by 


. i. f : . ' 
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dissociation of excitons generated by optical excitation. Preliminary 
irradiation of the polymers with UV light greatly increases their photo 
conductivity and it may be argued that UV light can ionize conjugated 
molecules, liberating photo electrons, which are retained in the structure 
of the polymer and creating positively charged local centers which can j 

serve as electron traps. On long wave irradiation, excitons are produced 
which are destroyed on defects (including defects created by UV radia- 
tion) with the formation of a trapped electron and a mobile hole. When a 
photo conducting material is illuminated with radiation, electrons and 
holes are produced. If a d.c. voltage is simultaneously applied across 
the sample, these holes and electrons move to negative and positive \ 

terminals respectivily. At any given temperature, a number of defects are 
usually present in a material. So there will be a number of trap levels 

* 

present in the energy gap due to the interactions of these impurities with 

the ions of the sample. These defects can capture a hole or an electron. I 

Thus the carriers generated by the photons can be trapped in certain 

levels in the material. These trapped holes and electrons give positive and 

negative charges on either side of the sample. 

The total current produced while reilluminating the sample can 


be due to two effects (S40), 

af Current due to the motion of carriers generated by photons and 
b) Current due to dark polarization 
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J = J +J 5.1 

p n 

Where X = p.e.\ipE 
and J = n.e a E 

n 



Where n and p are number of electrons and holes created by { 

photon irradiation, \y.^ and \y.p are mobility of electrons in conduction band 
and holes in valence band. E is the electric field. 

So this current depends mainly on the number of carriers ejected 
out of their traps due to reillumination of the sample. The later (b) 
includes the current produced by : 

1. The motion of ions which have been displaced during polarization. : 

2. The decay of stripping charges produced by the close contact of the 
metallic electrode and the dielectric. 


3. The decay of the sprayed ions from the electrode on the surface dur 


ing polarization especially at high fields, and 

4. The thermal current which depends on the temperature of the sam 
pie. 

During the depolarization two main processes are taking place: 

1. The ionic charges and strippinig charges produced due to darkpo 
larization decay by recombination and lattice relaxation processes. 
This decay is very slow. 

2. A number of electrons and holes trapped near the conduction and 



valence bands first get sufficient energy to come out to the conduc 
tion and valence bands respectivily to contribute to the flow of cur 
rent. As time goes on the current decays gradually which means that 
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the number of free carreirs decreases. At this time the current contri 
bution comes mainly from carriers which are trapped well inside the 
energy gap and requires sufficient energy to get themselves in to the 
conduction and valence bands. 

It has been possible to observe the spectral sensitization of the 
photo effect in polymers, in particular polymers with triple bonds and 
polyacetylides. Two explanations exist for the sensitization of polymers due 
to doping (341). One connects this effect with the transfer of excitation 
energy from the absorbed molecules of the dopant to the carriers trapped 
in the local levels, and their excitation in to the conducting state. Accord- 
ing to the other model, the process of sensitization consists in the transfer 
of an electron from the dopant to the semi-conductors. Since some of the 
dopants do not possess photo electric sensitivity, the first mechanism is 
preferable. Because sensitized photo-conduction is carried out by holes, 
the transfer of excitation energy to the polymer apparently leads to the 
ejection of an electron from a completely filled band into local levels with 
the liberation of holes taking part in photo conduction or (which is the 
same thing) to the excitation of holes into the valence band from the trap- 
ping levels. 

The observed change in the intrinsic photo electric sensitivity of 
a polymer in the presence of a dopant is not yet completely clear and is 
possibly connected with the nature of the traps created by the absorbed 


molecules of the dopant. The increase in the photo conduction of the poly- 
mpr on the addition of traces of pyrene may be regarded as a peculiar 
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sensitization phenomenon. In this case the influence of the pyrene may be 


exerted by the second mechanism. 

53 (a) CURRENT DECA Y MODE 

Depolarization current decay modes of pyrene doped 
photoelectrets fig- 5.1 and 5.2) consist of two parts. Initially the current 
decays rapidly and then slowly. The rapid decay of current is associated 
with the holes while in the slow decay region, current is mainly 
contributed by the electrons (342). The holes are trapped weakly close to 
the boundary levels and the electrons display a spread in the bulk. The 
exponential decay of current i(t) can be described by (243) 


i = /q exp ( -t/ X )...... ......5.2 

where iQ is the initial current and x is the relaxation time which is repre 
sented by; 

1/x = Vq exp ( -E/kT )....;. ......5.3 

where Vq is the frequency of escape from the trap, E the activation energy 
for the traps, k Boltzmann constant and T the absolute temperature. The 
slope of the plot of fig. 5.6 yields the value of x and taking Vq = 10 trap 
depth is calculated. These values are noted in fig 5.6. For PS activtion 
energy is calculated to be 0.84ev. Due to doping, it is increased. There is 
no regular variation in activation energy with the dopant concentration. 

No appreciable energy differences are found between shallow 






and deep traps in the two types of films. However, it may be said that 
doping of the matrix with pyrene has an effect of increasing the trap depth. 

This fact can not be explained if it is assumed that mobile charges are 
produced as a primary prpcess of light absorption but is easily 
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understandable in terms of creation of free charges via exciton formation 


(S 44) where doping reduces the relaxation time. 

The decay mode of depolarization current seems to be 
hyperbolic rather than exponential. The validity of the hyperbolic decay 
law can be checked by integrating current versus time to obtain the flow of 
charge (Q) upto time (t) which is found to be 

Q = 1/B log ( 1-B io t) 5.4 

where B is a constant of proportionality when B iot »1 
Q ^ 1/B log B iot. 5.5 

Therefore Q versus log t should be a straight line. Fig 5.7 shows these 
plots of pure PS and 0.1, Sand 5 gl^ pyrene doped PS films. The insert 
of fig 5.7 exhibits total charge released as a function of pyrene 
concentration. Straight line plots of fig. 5.7 suggest hyperbolic decay 
law of current. Consequently, the dissipation of the states of 
polarization is bimolecular in nature (345, 346). 

5.3 (b) POLARIZATION VERSUS TIME 

The field effect on polarization is understandable when the 
dependence of polarization on time is taken into account, charge released 
as a function of electret forming time has been shown in fig. 5.1 for 5gl^ 
doped PS. The build-up of polarization (P) with time is seen to have the 


form (18) 


P = Pma.[ 1-exp (t/x)]. 5.<5 


The slowing down of the rate of increase of polarization results from the 
fact that as the polarization builds- up, the effective field on mobile 
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charge decreases. 

(c) build-up of polarization with field 

Released charge versus polarizing voltage (fig 5.2) for PS is 
characterized by a straight line passing through the origin. This shows 
that there is a voltage dependent source of electrons. This may be in the 
bulk or at the negative electrode. Initial depolarization current Vs squree 
root voltage Fig 5.2 supports the trap filling hypothesis (247). At high 
fields the increase in polarization is slowed down because of the satura- 
tion of the number of traps available for polarization. When all the traps 
are filled, any holes and electrons will recombine rapidly. Pyrene forms 
charge tranefer complexes with PS and creates new trapping sites (242) 
in the matrix exhibiting enhanced polarizability. 

SJ (d) ELECTRODE EFFECT 

Considerable electrode effect on photo-depolarization current in 
pyrene doped PS films has been observed. The asymmetry between the 
current and the charge released at the electrodes indicates the majority of 
holes (44). In corporation of pyrene in the polymer creates a high density 


of trapping centers (248) and so the doped films store more charge. The 
presence of impurties in the polymer reduces the life time of the excitons 
increasing the probability of formation of mobile charges via excitons. In 
the insert of fig 5.5 the initial maximum and final values of depolarization 


currents have been plotted against metal work function. The plots are 
straight lines showing that the amount of charge carriers, supplied by the 


metal and injected into the sample increases with decreasing metal work 
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function (349). Fig 5.8 is the replot of 5.5 in the form charge Vs log time. 
The plots are straight lines and indicate hyperbolic decay law. The insert 
of fig 5.8 shows total charge released Vs metal work function. This is a 
straight line, again supporting that charge injection from electrodes de- 
creases with the increase in work function. The present results of electrode 
effect on photo-depolarization current can be quantatively understood in 
terms of dielectric loss model (350) based on the tunnelling of electrons 
from the metal into traps located within the polymer near the interface. 
5.4 CONCLUSIONS 

Photo-depolarization current studies of pyrene doped PS films 
enable one to draw the following conclusions. 

1 . Decay of depolarization current occurs in two parts. The rapid decay 

is due to detrapping of holes while the slow one is due to untrapping 







THERMALLY STIMULATED CURRENT 
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6.1 INTRODUCTION , 

Many kinds of polymer films (351-395) polarized in a high d.c. 
field at an elevated temperature and cooled in that field, have semi perma- ij 

nent charges which exist for many years at room temperature. Depolariza- 

i 

tion currents at room temperature are frequently too small to be easily | 

measured. To increase them one must speed up the depolarization process 

■ I 

by heating the electret upto or above the polarization temperature. The ii 

ensuing current has been called thermally stimulated current (TSC), since 
it is produced by heating without an external voltage (396). TSC is now 
generally considered as particularly well suited to the study of dielectric 1 

relaxations (397-425). This is mainly because this technique is charac- I 

terized by a very low equivalent frequency as compared to the dielectric j 

loss method and consequently leads to a better resolution of the different 
relaxation processes (426). 

As a matter of fact, the a,p relaxations arising from the 
conformational motions of main chain segments and from the local mo- 
tions of main chain or side groups respectively are more or less superim- 
posed at the common measurement frequencies of a few hertzs and thus 
the values of the characteristic parameters determined from the loss curves 
are often hybrid values (427). Much uncertainly results from this and nu- 



merous discussions are found in the literature especially concerning the 
detailed mechanism of the motions involved (427,428), the discrete or 



associated distribution of relaxation times (398) and the physical signifi- 
cance of such a distribution (414). With these last problems in view, the 
TSC technique appears also very useful, owing to its component peaks by 
techniques such as thermal cleaning or partial polarization (430). 

A wide literature (428-497) is available on TSC in polymers. 
The technique has been widely used inn the study of trapping parameters 
in luminescent and photo conducting materials. Lilly et al (498) investi- 
gated TSC in mylar and teflon. Stupp and Carr (499) suggested an ionic 
origin for high temperature discharge currents in poly acrylic nitrile. Guillet 
and Seytre (500) conducted a detaild study of the complex relaxation modes 
observed in poly-L-Proline. Takeda and Naito (501) studied temperature 
change of dielectric constant of polystyrene using TSC measurement. TSC 
in corona charged polymers have been investigated by Perlman (436) 
and those in electron beam irradiated, polymers have been investigated by 
Sessler (502). Ong and Tumhout (397) have concluded in favour of the 
existence of a continuous distribution of relaxation times. Recently similar 
conclusions have been inferred by Fischer and Rohl (503) and Hino (504) 
from studies on secondary peaks of polyethylene and polyethylene 
terephthalate respectively. Chaitan et at (431), however, have found in 
polyamides that the low temperature peaks could generally be decom- 
posed in several discrete Debye processes. 

It has been shown by theoretical argument and by experiments 
(505) that only is the case of a first order kinetics, polarization do the TSC 
peaks occur invariably at a fixed temperature. Otherwise, their position is 












shifting in a characteristic way with changing initial polarization. In the 
case of a space charge release, for example, the peak temperature is in- 
creasing with polarization temperature and with polarizing time. Thus 
peak position data for varying polarization conditions allow one to decide 
in particular whether a peak is due to a first order depolarization process 
e.g. complex reorientation or to the release of a space charge. 

TSC of polar materials (506) shows several bands or peaks. 
This indicates that the depolarization is realized by several different proc- 
esses. Two such processes are well known, the relaxation of aliped di- 
poles and the relaxation of a space charge caused by mobile carriers ac- 
cumulated at the electrodes. But there are still other processes which cause 
TSC peaks and have not yet been identified. It is one of the fundamental 
problems of any TSC investigation to relate the observed peaks to specific 
depolarization processes. TSC peak may be characterized by the maxi- 
mum positions, the magnitude of the peak and the slope of initial rise of 
the peak. The magnitude of the peak is eventually a measure of the number 
of defects causing the polarization. The determination of activation is a 
delicate task if the peaks overlap too much, possibly no meaningful value 
can be obtained at all. Dependence of peak position on initial polariza- 
tion provides information on the depolarization process. 

TSC spectra are unique to the material under study. They are 
finger prints of them and are sensitive to impurities, additives discharges, 
'li humidity i.e., to any chemical or morphological change. They provide a 

sensitive analytical tool that could be used to guide the production of 
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materialswith fixed electrical properties. TSC is an electrical spectroscopy ' 

■ 

and has practical application to electrical quality control. Recently sev- 
eral workers (507,508 ) have used TSC technique to investigate changes 
produced in polymers due to doping of them with suitable impurities. ■ 

Gupta and Tyagi (507) doped polyvinyl fluoride with rhodamine, alizarine, 

' 

dichloro- fiurrecein and iodine and utilized TSC to find out the changes 
produced by doping. Srivastava et al have reported relaxation parameters 

by doping polystyrene with copper-phthalo- cyan ine, ferrocene, anthracene, 

. 

pyrene, iodine (139) and chloranil (508). I 

■ , ' , 111 
; ■ |i 

Mehendru et al (509) have reported TSC in PVAC films. They j; 

observed three TSC Peaks at 53, 116 and 195^C and studied the effect of 
film thickness on TSC spectra of PVAC. The 53^C peakwas found to grow 
slightly with thickness. The magnitude of 116°C peak was observed to I 

increase with film thickness and 195°C remained uninfluenced with the 
thickness. Total charge under all the three peaks grew linearly with the 
film thickness which led them to conclude uniform volume polarization in 
PVAC. Effect of iodine doping on TSC spectra of PVAC has been consid- 
ered by Mehendru et al (510). 

This chapter reports TSC in pyrene doped PS films by varying 
polarizing temperature, polarizing field, pyrene concentration and elec- 
trode materials. 



6.2 THEORY 


According to Creswell and Perlman (511), the instantaneous 
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^alue of depolarization current i(T) when the sample is heated at a rate of 
P =dT/dt (T being the temperature and t, the time) in terms of an activa- 
tion energy H of the process involved, may be written as:- 

i (T) = A exp[ -H/kT - B f exp (-H/kT)dTJ 6.1 

To 

Where H is given by : 

X = exp (H/kT) 6.2 

The temperature dependent expression in brackets is the same as ob- 
tained by Bucci et al (512), for the dipolar decay. The values of 
A and B for trapping near the surface are. 

A= (N^e5f (pT)/2edx 6.3 

B = 2/g>x 

and for dipolar decay, they are 

A = Np^ E/ 2kT^x^ 6.4 

B = 1/pT 

Where N^ = initial charge density in traps. 

pfZ = Charge mobility free life time product 
5 = Penetration depth of charge, 
e - Dielectric permittivity, 
d = Sample thickness 
e = Electronic charge 
N= Dipole Concentration, 
p = Dipole Moment 

Electret forming field. 

2 ^ == Electret forming temperature. 
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A:= Boltzmann's Constant. 

X = Inverse of the trap escape freequency 
and = The temperature at which the heating is started. 
Eqn. 6. 1 shows a maximum at a temperature given by 



H exp (H/kT J 


The current initially just above T^ in equ 6.1 can be shown to have the 

form log i (T) = Constant - H/kT 6.6 

The activation energy H for the discharge process responsible for apeak, 
can be obtained from a plot of log iff) Vs 1/T. This is the initial rise 
method of Garlick and Gibson (513). It may also be calculated from 
Gross Weiner's formula (514). 

1.3X10 -^ T T 

>» ^ 0.7 

H = ^ 

T-T, 

m h 


T^ is the temperature corresponding to the half height of the peak on the 
lower temperature side of the curve. The attempt to escape frequency 
V = l/\ can be calculated from eqn. 6.5. The capture cross- sectioin (a) 
could also be estimated from the relation (492). 


cr =■■ — — — — — 

2.9 X imTf 

Total charge released = J i(t) dt 6.9 


Using an approximation to the integral in eqn. 6.1. It is possible to write 
i =Aexp[ -H/kT -B (exp (-H/kT)} (H/kT)-^] 3.10 


r 
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Using the Cowell and Woods (516) curve fitting technique with an initial 
low guess of H, then increasing it in small steps, it is possible to determine 
H and x^ . The eqn. 6.1 can also be written in the form 

N = [fi(t)dt/i(t)] = log(l/B)+H/kT 3.11 

The param eters H and may be determined from a straight line plot of 
the remaining charge divided by the current at a particular temperature 
versus the inverse of that temperature. This method is referred as the modi- 
fied Bucci (or BFG) plot. 

6.3 RESULTS 

To study the build-up of polarization with the polarizing (Poling) 
temperature, IgU doped PS films were employed. The polarizing voltage 

was 54 V. Fig 6.1 shows the TSC, spectra of films polarized at 70, 80 and 
90°C. When the film is polarized at 70°C, only one peak is observed. It 
occurs at 80° C. When the film is polarized at 80°C, the thermogram 
exhibits two peaks at 90 and 148°C. When the film is polarized at 90°C, 
again two peaks are observed at 95 and 165°C. At low polarizing tem- 
perature, only one peak is observed. As the polarizing temperature is in- 
creased, besides the first peak, another peak arises which is intensified 
with the increase in poling temperature. Due to increase in poling tem- 
perature the temperature at which TSC ends, is also increased. Initial rise 
plots of TSC thermograms of fig 6.1 have been plotted in fig 6.2. The 



value of activation energy is noted on the plot. There is a slight change in 
activation energy due to change in polarizing temperature but it seems 
that this change in activation energy is not regular. 
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Fig 6.8 TSC spectra of pyrene doped PS. Doping concentration noted on the curve 
polarzing voltage = 54 V, polarizing temperature =100 C 
Insert shows peak current & charge released Vs doping concentration. 



( 79 ) 

To study the build up of polarization with the polarizing volt- 
age, Igl'^ doped PS films were used and were poled at lOO^C by 9, 18 
and 36 V. The thermograms obtained are shown in fig 6.3. Each spectra 
exhibits two peaks at 95 and 170°C. With the increase in polarizing volt- 
age, peak current of both the peaks is increased. This increase in peak 
current is more pronounced for second peak. Initial rise plots ofTSC spec- 
tra of fig 6. 3 have been drawn in fig 6.4. The activation energy is noted on 
the plot. No regular change in activation energy is found due to change in 
polarizing voltage. Charge released was calculated by integrating current 
versus temperature (time) curve. Peak current and charge released versus 
poling temperature have been plotted in fig 6.5 for low temperature peak. 
The plots are seen to be linear. No such variation was observed for high 
temperature peak. Fig 6.6 shows the peak current versus, square root po- 
larizing voltage for low temperature peak. It is a straight line graph. No 
such variation was found for high temperature peak. 

To investigate the effect of pyrene concentration on TSC spectra 
of PS, films incorporating pyrene in different concentrations were employed. 
All the electrets were formed at 100°C by a voltage of 54V. TSC spectra of 
films incorporating pyrene in 1,2,3 and 5 gN concentrations are shown in 
fig 6.7 while those of 0.1, 0.5, and 0.8 gN concentrations are shown in fig 
6.8. For the sake of comparision, TSC spectra of pure PS film under the 
same thermoelectric history is also shown in fig 6.7. The insert of fig 6.8 


shows the variation of peak current and charge released under the low 
temperature peak with pyrene concentration. TSC thermogram of PS con- 
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sists of a single peak at 105°C. Due to doping this peak shifts to a lower 
temperature of 95°C fig 6. 7 and 6.8). The position of this peak is seen to 
be unaltered due to change in pyrene concentration. Peak current and 
charge released are enhanced with the increase in pyrene concentration 
and shows a sort of saturation (insert of fig 6.8). Incorporation 
of pyrene in PS gives rise to a second peak which is observed in between 
160-170°C for different concentration of pyrene. This peak is intensified 
due to increase in pyrene concentrations. At a concentration of 2glf low 
temperature peak becomes a shoulder. For still higher concentration low 
and high temperature peaks, degenerate into one. Total charge released, 
under both the peaks has been plotted against pyrene concentration in fig 
6.9. The plot is seen to be a straight line. Initial rise plots ofTSC spectra 
of fig 6.8 and 6.7 have been plotted in fig 6.10 and 6.11 respectively. The 
activation energy is noted on the plot. No regular variation in activation 
energy is observed with the increase in pyrene concentration. The attempt 
to escape frequency (v) and the capture cross-section (a ) for pure PS were 
calculated to be 10^^ S'^ and 1 0'^^ m^. These parameters for doped films 
( on average ) were calculated to be 10^- S'^ and 10-^^ m^ for low tempera- 
ture peak and 10^'^ S'f and 10'^^ for high temperature peak. Due to 
doping attempt to escape frequency and capture cross section are decreased. 

Electrode effect on TSC spectra was investigated by employing 
IgN doped films grown on Cu, Ni and Zn. Electrets were formed at lOO^C 
by 54V. The spectra are shown is fig 6.12. Each spectra consists of two 
peaks. The position of low temperature peak is found to be unaltered due 
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to change in electrode forming material. High temperature peak arises at 
180, 170 and 160°Cfor Cu, Ni and Zn respectively. It may by argued that 
due to increase in metal work function, the high temperature peak is 

shifted towards higher temperature side of the spectrum. Peak current in- 
creases with the decrease in metal work function. Initial rise plots of TSC 
spectra of fig 6.12 are shown is fig 6.13. The activation energy is noted on 
the plot. There is a slight increase in activation energy due to decrease in 
metal work function for low temperature peak. However, the activation 
energy of high temperature peak is increased due to decrease in metal 
work function. 

6.4 DISCUSSION:- 

Application of an electric field always produces a small 
movement of charges within the atoms of a dielectric, displacing the 
negative electronic cloud relative to the positive nucleus and thus 
temporarily generating a small dipole moment and a consequent atomic 
or deformation polarization. This effect occurs within very short-time. Its 
time scale can not be changed from outside. Thus its influence on the 
persistent polarization of the electret can be disregarded. Many dielectrics, 
including polymers, contains molecules that have an electric moment. An 


applied field tends to align these elementary dipoles along its own direc- 
tion and thus produces an electric moment of the whole body giving rise to 
dipole polarization, essentially a volume effect. 


All dielectrics contains a small number of free charge carriers, 
ions or electrons or both. An electric field tends to separate positive from 
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negative charges and to move them toward the electrode. The structure of 
many polymers is not homogeneous, there exist microscopic domians or 
grains separated by highly resistive interfaces. In this case the charge 
carriers can move relatively freely only with single grains, piling up along 
the barriers which they are unable to surmount as they lack the necessary 
energy. Alternatively, when the dielectric contains many irregularly dis- 
tributed traps with widely different well depths, carriers might move in the 
direction of the field until they fall in to deep traps from which they do not 
have enough energy to escape unless reactivated by a temperature in- 
crease. Both these interfacial polarization effects constitute again a 
volume polarization. 

Ionic conduction currents in homogeneous dielectrics usually 
lead to the formation of space charge clouds in the electrode regions. The 
effect results in a macroscopic space charge polarization of the dielectirc. 

The sources of the internal polarization described so far have 
been charges originating from and remaining within the dielectrics, but a 
polarization can also be caused by the deposition or injection of charge 
carriers from outside. Deposition of equal and opposite charges on oppos- 
ing surfaces of a dielectric produces an external polarization. The distinc- 
tion between internal and external polarization is due to Mikola (9). Charges 
can also be shot into the dielectric using penetrating electron 
beams. Such electron charged dielectrics now are also called electrets, a 


rather loose use of the term. 

The degree of polarization and its rate of decay depend on the 
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nature of the dielectric and the experimental conditions, in particular the 
temperature. A dielectric becomes an electret when the rate of decay can be 
slowed down so much that a significant fraction of the field induced po- 
larization is preserved long after the polarizing field has been removed. 

Dipole orientation is strongly temperature dependent; at high 
temperature the forces opposing rotation are lessened. Thus a high degree 
of polarization can be achieved in a short time by application of an electric 
field at a high temperature. If the dielectric is cooled and the field removed 
only after a low temperature has again been reached, dipoles return to the 
original disordered state very slowly because rotation is hindered by strong 
viscous forces. The polarization is thus frozen-in. A similar behaviour is 
found in the case of space-charge and interfacial polarization. 

The mobility of charge carriers is very low at room temperature, 
but increases strongly with temperature. Thus the previous reasoning ap- 
plies here too. Space charge clouds and charges accumulated along inter- 
faces can be frozen-in. 

All types of internal polarization lead to surface charges which 
have the opposite polarity to that of the corresponding polarizing 
electrodes. Therefor, heterocharge formation should be and is, a very gen- 
eral effect. Every decrease of the internal polarization due to rotation of 
dipoles or recombinations of ions within the dielectric frees image charges 
which flow back through the external circuit where a discharge current is 
recorded. Analogously every increase of polarization gives a charging cur- 
rent. Therefore, build up and dissipation of internal polarization can be 
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investigated by means of current measurement. Current peaks are observed 
at temperatures where dipole orientation or carrier release from traps is 



activated. 

The processes taking place during discharge are similar to those 
occurring during charging. Generally speaking, they only behave in an 
opposite way. The net charge of an electret usually arises from aligned 
dipoles and space charge. The later are excess charges which cause the 
electret to be not locally neutral. However, before the electret formation the 
neutral polymer already contained free charges, they manifest themselves 
in a conduction current, when afield is applied. So in addition to the 
excess charges there are free equilibrium charges in the electret. These do 
not contribute to its ohmic conductivity. In heteroelectrets the excess charges 
are intrinsic and bipolar. They originate from those charges that first take 
part in conduction and were accumulated near the electrode during 
formation. This field motion is opposed by diffusion. Moreover, 
during their transport a part of the charges is lost by recombination with 
opposite carriers. 

The decay of the charge of an electret during TSC results from 


dipole reorientation, excess charge motion and ohmic condition. The first 
process will be clear, the thermal agitation will reorient the aligned di- 
poles at random. The motion of excess charges originates from space charge 
limited drift and diffusion. The first motion is due to the local electric fields 



forcing the mobilized excess charges to drift towards opposite charges, 
where by electric neutrality is restored. The excess charges will eventually 
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recombine either with thier opposed image charges or with opposite excess 
charges with in the polymer. Whichever, is the case, their gross motion 
should generate a discharge current opposed to the charging current (170). 

The temperature dependence of the dipole reorientation can be 
differed from the motion of excess charges. The later will confirms closely to 
that of ohmic conduction, from which the charges often originate. In par- 
ticular, we may expect the current maxima for dipole reorientation to occur 
at lower temperature than that of the excess charge motion. The first proc- 
ess requires only a rotational motion of molecular groups, whereas the 
later process involves a motion of molecular groups (ions) over macro- 
scopic distances. The activation energy predicted theoretically by Raddish 
(518) for the relaxation process resulting from the local twisting of the 
main chain or the orientation of the side groups in a polymer is about 
0.2eV. 

Polyblends which are mixtue of two homopolymer are charac- 
terized by two peaks ( 519,520). In co-polymer well defined complex and 
partial phase segregation depending on molecular mass are observed 
(521 ).Saraf et al (522) have discussed the effect of heationg rate, polariz- 
ing temperature and eletrode material on TSC spectra( 522 ). A study of 
charge storage and relaxation process in polymide fturocarbon polymer 
has been done. In electron beam irradiated polymer films the depth 
increases with increasing injected charge density(522). Origin of high tem- 
perature peak in polymide films has been attributed to the space charge 
(524). The relationship between activation energy and pre-exponential 
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factor of the relaxation time has been discussed(525). 

Only one TSC peak at 105°C is observed for pure PS film, It is 
near the glass-transition temperature of PS. Wada etal (128) observed a 
temperature- transition at 110°C in the main relaxation region of PS in 
dilatometric and accoustic measurement. So the peak may be identified as 
the a- peak intimately connected with the molecular chain- motion of the 
polymer. The value of the activation energy also supports this view. The 
a- peak is shifted to 9 5^C due to doping of PS with pyrene. It may be 
argued that pyrene facilitates the segmental motion of the main chain of 
PS. In addition to a- peak, the TSC- spectra of doped films consist of 
another peak arising well above the glass transition temperature of PS. 
This peak originates due to the charges which take part in the conduction 
and is called the p- peak. The charges may be ions or electrons and they 
may originate from dissociation of impurity. The forming field drives posi- 
tive carriers to the cathode and negative carriers to the anode. This field 
drift is weakened by diffusion, while a part of the moving charge is lost by 
recombination with opposite charges. Never the less, the field drift domi- 
nates and the excess charges are built-up in the vicinity of the electrodes 
where they are frozen- in during the cooling phase. The occurrence of such 
a space-charge polarization requires that there be enough carriers of suffi- 
ciently high mobility. This condition is satisfied only if the conductivity is 
reasonably high. Hence it may be inferred that a significant space charge 
polarization is most likely to occur at forming temperatures near the glass- 
transition temperature of the polymer. During TSD, the frozen in excess 
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charges are thermally activated and mobilized. They then start to move 
under their own field towards the shorted electrodes. 

6.4(a) POLARIZING TEMPERATURE:- 

By varying polarizing temperature, one can detect that a heteroelectret 
contains a distributed dipole polarization or not. For a single dipole re- 
laxation the current is lowered as polarizing temperature is lowered, but 
the position of its maxima will remain the same. For a distributed polari- 
zation maxima will shift, when polarizing temperature is low, only the fast 
sub-polarizations will be filled and the TSC will be cut off on the high 
temperature side, because of the unactivated slow polarization. When po- 
larizing temperature is raised more sub-polarizations are activated and 
the current maxima will rise and simultaneously shift to a higher tempera- 
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ture. When all the sub-polarizations are filled the current maxima appears 
at the glass-transition temperature. Linearity of peak current and charge 
released with polarizing temperature (fig 6. 5 ) shows that this peak origi- 
nates due to dipole reorientation. No such variation for p- peak was 
observed. 

6 4 (b) POLARIZING VOLTAGE Dipole re-orientation and charge 
dettrapingmechanisms are generally invoked to explain the occurrence of 
a TSC spectrum. TSC spectra are generally interpreted interms of dipole 
re-orientation or in terms of release of a space charge. Peak position data 
for varying polarizing voltage (528) allow one to decide in particular 
whether a peak is due to dipolar process or due to the release of a space 
charge. Dipolar peaks increase linearly with field. Space charge peaks 
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increase non linearly with field. However, the deviations from linearity will 
not be very large. Linear plot for peak current versus square root polariz- 
ing voltage for a-peak (fig 6.6) shows that in addition to dipole, this peak 
arises due to displacement of charges through microscopic distances. 
Gerson and Rohrbough (39) have suggested that in some dielectrics, 
charges suffer microscopic displacement during polarization and are 
trapped. On heating these charges are released and recaptured. The value 
of activation energy is close to the values expected on the basis of ionic 
traps. No such variation is observed for p peak. 

6.4 (c) PYRENE CONCENTRATION 

Increase in pyrene concentration has an effect of enhancing the 
peak current of a and p- peaks. This magnification is much more pro- 
nounced for p-peak. Pyrene is dipolar and semiconductive. With the in- 
crease in dopant concentration conductivity of the film is increased. Hence, 
more space charge is accumulated during formation. Moreover, the doped 
film may possess more structural defects i. e. more trapping sites. When the 
conductivity of film is increased sufficiently the a and p peaks degenerate 
into one. Total released charge under both the peaks increases linearly 
with the dopant concentration (fig 6.9). So the build up of polarization is 
uniform with the dopant concentration. The decrease in activation energy 
due to increase in pyrene concentration may be associated with the in- 
crease in carrier mobility. 

6.4 (d) ELECTRODE EFFECT : - 


Variation in electrode forming material exhibits changes in TSC spec- 
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tra of pyrene doped PS films. The position of a- peak remains unal- 
tered 

due to change in electrode material but the peak current is changed. For 
the metal of higher work function, peak current and activation energy is 
smaller. The p-peak occurs at different temperature for different metal 
contact. Peak current and activation energy are also changed. The values 
are lower for a metal of higher work function. Dipolar peaks remain 
uninfluenced by the choice of electrode material (170). Therefore, the 
origin of a-peak is not purely dipolar. Ionic polarization is also responsible 
for this peak. The interpretation of p-peak appears to be reasonably 
possible in terms of charge detrapping of a space charge built-up due to 
carriers injected from the electrodes into the film and are then trapped. It 
is only at temperatures above the glass transition of PS that the molecular 
chains are sufficiently agitated to release the charges. The amount and the 
sign of charge injected depend on the relative work function of the metal 
polymer interface. The various metal polymer interfaces possess different 
charge exchange rates which change the space charge storage and the 
current released by diffusion. The first stage of charging is carrier 
injection and the second stage is the entrapment of these charges in the 
border layer. 

6.5 CONCLUSIONS :- 

TSDC of pyrene doped PS films has been investigated as a 
function of polarizing temperature, polarizing voltage, pyrene concentra- 
tion, and electrode material. 



The study enables to draw the following conclusions. 

1. Pyrene facilitates the segmental motion of main chain of the polymer 
shifting a-relaxation of PS to a lower temperature. 

2. Addition of pyrene in the polymer enhances greatly the intensity of 
a-peak and creates the p~peak. 

3. Dipolar and ionic polarization are responsible for a-relaxation peak. 

4. Space charge polarization is responsible for p-peak. 

5. More and more space charge is accumulated due to increase in pyrene 


concentration 


6. Mobility of charge carriers is increased due to increase in pyrene con 


centration 


7. Electrode variation reveals that charge carrier injection decreases 


with the increase in metal work function 
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CORRELATION OF DIFFERENT STUDIES 

It is well known that many dielectrics including polymers such 
as PS, show a polarization which is out of phase with polarizing field. 
This leads to electrets in the case of a persistent or semipersistent polariza- 
tion or to the dielectric absorption, manifestations of which are short cir- 
cuit currents or open circuit voltages. Many physically different mecha- 
nisms may be responsible for these effects. Among them are interfacial 
polarization, ionic polarization due to migration of ionic carriers over 
macroscopic distances, movement of space charges perhaps due to carrier 
injection from electrodes or other inhomogeneities and dipole orientation 
effects. 

Dielectric loss measurement of PS film shows a peak round 85°C. 
TSC spectra of PS exhibits peak round 105^C. These are well near the 
glass- transition temperature of PS. Due to doping of PS with pyrene, loss 
maxima as well as TSC a- peak is shifted to a lower temperature. The 
activation energy of relaxation process is increased. Pyrene incorporation 
in PS enhances its conductivity. Photo depolarization current is also in- 
creased due to mixing of pyrene in macro molecular substance. TSC spec- 
tra of doped films exhibit additional p- peak. 

Dielectric loss maxima may be attributed to the motion of phe- 
nyl group. However, it is not possible in TSC because of the relatively high 
temperature (20-40°C) upto which the electrets were cooled during the 


formation. At these temperatures, the local motions of the phenyl group 
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remain mobilized and are not frozen- in during the cooling phase of electret 
formation. On the other hand, TSC peak lies in the main relaxation region 
of the polymer. Its origin can not be assigned to dipole reorientation only 
because of the fact that PS is a nonpolar polymer and moreover, the dipo- 
lar contribution calculated from Debye's equation does not correspond to 
the released charge. It may be partly due to the detrapping of charge 
carriers. Thermoluminescence experiments are also interpreted in terms of 
electron detrapping. Phenyl group provides a deep trap site and enhances 
electret stability.New traps are created due to mixing of pyrene in the ma- 
trix. 

Charge storage in doped matrices can take place on three struc- 
tural levels. 

Primary level- The traps are on the molecular chains themselves 
and the charge is stored at atomic sites. 

Secondary level- Electrons can become caged within groups of 
atoms in neighbouring molecules and are held there due to the charge 
affinity of these groups. 

To release the charge at a primary level, individual atomic 
motions are necessary while at the secondary level it is independent of the 
motion of groups of atoms. 

Tertiary level - Charge may be stored in both crystalline and amorphous 
regions of the matrix or at the boundaries. Charge release in this case 
depends on main chain motion. 

Charge stability at the primary level i.e. along the molecular 


chains is determined by both the electro negativity of the ions and symme- 
try along the chains. Charge stability at the secondary level is better, higher 
the packing density and lower the branching. At high temperatures, the 
trapping site itself may be destroyed due to increased molecular motions. 

In high insulating polymers like PS, intrinsic carrier generation 
resulting from Boltzmann 's factor is negligible at temperatures below poly- 
mer decomposition. Marked dependence of current on electrode material, 
linear dependence of charge stored on applied field and the superlinearity 
of stready- state current- voltage characteristics suggest carrier injection 
from electrodes. Charge transfer from metal depends on electron levels in 
which the carriers shifi freely under the influence of field. Polarization and 
depolarization of doped films in the presence of UV. Radiation indicate 
that incident photon eject carriers from electrodes which are injected into 
the film. Correspondingly, effect of electrode variation was studied in TSD, 
photo depolarization and current- voltage measurements. The decrease in 
current due to increase in metal work function implies that electron injec- 
tion decreases with increasing metal work function. The thickness of the 
charged layer at the electrodes which arises as a result of injected carriers 
depends on the potential difference and on the density of traps. It is of the 
order of about 500A°, a relatively high value which is of consequence in 
the analysis of electrical properties of films. The process of charge injec- 
tion also depends on time, therefore, surface states are taken into account 
which can take up charge directly from the metal surface. From the sur- 
face state the injected carrier diffuses under its own field or under the 
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external field into the bulk of the film where it is again trapped in the 
volume traps. Electrical conductivity study suggests a uniform distribu- 
tion of traps. The trapping sites exert a strong influence on the current 
flow i.e. the concentration of free carriers and their mobility. Mobility 
values in polymers are very low suggesting strong trapping. Increase in 
conductivity due to incorporation of pyrene may be due to increase in 
mobility. Dependence of mobility on temperature points to a hopping proc- 
ess. Hopping is connected with charge jumps brought about by motions of 
chain elements and the process is related to the so called chain hopping 
mechanism, In the present investigation chain- hopping and trap-hop- 
ping mechanism may be invoked. 

Photo depolarization experiments of films suggest that carrier 
generation occurs via excitons. The electrons are deeply trapped and the 

dissipation of polarization is bimolecular in nature. 

The charge storage capability of a polymer electret and the dif- 
ferent mechanisms contributing to the storage of the charge are greatly 
influenced by the structure of the forming polymeric matrix. The ejfect in 
polymers can be produced not only by the conventional procedures but 
can also be obtained by making some structural changes by doping of the 
matrix with sutable impurities like pyrene. All the four studies of doped 
films reveal that the electret forming characteristics of PS can be greatly 
modified by doping it with pyrene, even in very small quantity. Doping 
facilitates molecular chain motion as is apparent from the shift to lower 
temperature of TSC and dielectric loss maxima. The conductivity and 
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dielectric loss are enhanced due to doping, resulting in marked space 
charge peaks which have been observed in TSC. The foreign molecules 
i.e. guest molecules are undoubtedly responsible for the presence of deeper 
traps. The trapping activity of guest molecules depends on their electron 
affinities and ionisation potentials. The shallow traps are those from which 
carriers are released thermally and deep trapping levels occur where charge 
carriers stay longer. 

The effect of doping may also be described in terms of charge 
transfer complex formation. Charge complex is an aggregate in which 
bond formation between two molecules occurs. In terms of donor-acceptor 

levels, in the absence of radiation, the donation of an electron causes n- 
type conduction. In the same material, however, irradiation may create a 
pair of carriers at the level of the valence band due to high energy an 
electron can be transferred to the conduction band and trapped in trap- 
ping sites, thus leading to a p-type conduction. Acceptor levels should be 
considered as a hole in the valence band which may result from electron 
trapping, leading to p-type conduction. In the same material, radiation- 
induced conduction is n-type if a hole is trapped from the pair of created 
carriers and the electron is transferred to the conduction band. 
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SUMMARY AND CONCLUSION 

PS and pyrene were dissolved in cyclohexanone. Pyrene in dif- 
ferent concentrations was mixed with PS. Films of 20 \im thickness were 
grown on Al substrate by isothermal immersion technique. In this method 
of film preparation, no degradation of polymer chains take place. To in- 
vestigate the electrode effect, films were also grown on Zn, Ni and Cu 
substrates. The substrate acted as an electrode and the other of Al of 
ICm^ was pressed on to the film in a laid- on electrode assembly. Four 
different studies of electrical conduction, dielectric relaxation, photo de- 
polarization current and thermally stimulated discharge current were per- 
formed by employing the doped films. 

Electrical conductivity was investigated by noting the transient 
behaviour of current and studying the effects of electrode material, film 
thickness and pyrene concentration on the current- voltage characteristics 
at a constant temperature. Conductivity was also determined by measur- 
ing the current when the film was heated at a constant rate of PC per 
minute and applying a fixed voltage. Absorption current has been ex- 
plained on the basis of trap filling mechanism. Electrode dependence of 
current voltage invokes charge carrier injection from electrodes. Charge 
transport suggests hopping mechanism. Space charge limited conduction 
is found to be operative. Increase in conductivity due to pyrene loading is 
attributed to the enhancement in carrier mobility. 

Dielectric properties were investigated by measureing the ca- 
pacitance and loss tangent as a function of temperature, frequency and 
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pyrene concentration. No change in capacitance with frequency suggests 
that polarization settles in very short time. Increase in capacitance with 
temperature is assigned to ionic polarization. Incorporation of increased 
concentration of pyrene increases formation of charge transfer complexes 
: Dielectric loss maxima is connected to the motion of molecular chains. 

Photo depolarization current was investigated by varying the 
polarizing time, polarizing voltage, pyrene concentration and electrode 
material. The current decay mode is found to be hyperbolic rather than 
exponential. Electrode effect supports charge injection from electrodes. 

Thermally stimulated discharge current study was conducted by 
varying the polarizing temperature, polarizing voltage, pyrene concentra- 
tion and electrode material. Presence of pyrene in the polymer facilitates 
polymer chain motion and enables the electret to store more charge. Space 
charge polarization is enhanced due to doping. Charges are injected from 
electrodes. 

In short it may be argued that electret forming characterstics of 
polystyrene can be greatly improved by doping it with pyrene. Charge 
transport in molecularly dispersed systems can be visualized as transition 
of an electron from a neutral molecule to the neighbouring "molecular 
cation" (hole transport) or from the "molecular anion"to a neighbouring 
neutral molecule (electron transport). The term "Molecular ion" is used 
quite freely in this context It includes the situation where the charge is 
bound rather loosely on the transport molecule and spreads substantially 
over neighbouring matrix molecules. 
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